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Abstract 
Cellular viability and the occurrence and significance of chlorophyll allomers 
during phytoplankton population turnover 
Deborah Jane Steele 
 
 
Phytoplankton can exist in the water column, whole but non-functional, and the percentage 
of these dead cells in highly variable. These dead cells can contain chlorophyll and 
contribute to ocean colour, and hence estimates of oceanic primary productivity. The aim of 
this project was to assess indicators of phytoplankton physiological state, focusing on the 
formation of chlorophyll a oxidation products (allomers) and a chlorophyll precursor. 
 
Initially, to establish an appropriate method for the identification and quantification of 
chlorophyll allomers, a method selection and optimisation study was carried out. This 
assessment revealed that chlorophyll was prone to oxidation during sample analysis. 
Instrumentation, sample manipulation, method duration and HPLC solvent composition 
were all contributors to sample oxidation. The application of a method by Zapata et al. 
(2000) was found to produce minimal and consistent chlorophyll oxidation and was applied 
in subsequent studies.  
 
During a culture study of the picoeukaryote Ostreococcus tauri (Prasinophyceae), two 
chlorophyll allomers were formed solely during viral-infection, and not during 
environmental limitation of growth. Allomers began to increase 24 hours post viral-infection 
(hpi), simultaneously with decreases in population density and Fv/Fm, and an increase in 
membrane permeability. During viral-infection allomers reached a maximum level 48 hpi, 
which was 10-fold higher than the maximum level of allomers formed during environmental 
limitation. 
 
Chlorophyll a allomers were measured over an annual cycle for the first time, at the Western 
Channel Observatory (UK). Allomer occurrence (relative to chl-a) was maximal during 
April with a total allomer to chl-a ratio of 0.093 in surface water. Peaks in allomers were 
associated with blooms of Phaeocystis spp., Guinardia delicatula, Chaetoceros socialis and 
Emiliania huxleyi and associations were dependent on the cause of the taxas’ declines.  
 
In situ allomer measurements were also taken during a research cruise in the central and 
southern North Sea, where the maximum ratio of allomers to chl-a (0.15) was measured at 
the Flamborough Front.  
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Chapter I 
Introduction 
Variability and detection of eukaryote phytoplankton viability 
1. Chapter I : Variability and detection of micro-eukaryote phytoplankton viability 
1.1. Role of phytoplankton primary production in the Earth System 
 
Primary production is the fixation of aquatic or atmospheric carbon dioxide into organic 
compounds. The main process by which this happens is photosynthesis. Photosynthetic primary 
production is essential to life on earth as almost every organism is formed and fuelled by 
organic compounds. Primary production is therefore fundamental to the global carbon cycle; 
hence its quantification is paramount to understanding how the earth supports life.  
 
Phytoplankton are responsible for about half of global primary production (Geider et al. 2001). 
Production is modelled using estimates of chlorophyll a (chl-a), derived from ocean colour 
satellite measurements (Longhurst et al. 1995, Field et al. 1998), along with in situ truthing (a 
C-fixation measurement). Aquatic primary production was estimated at 51.2 + 0.29 Gigatons of 
carbon in 2005 (Gt C y
-1
, Brewin et al. 2010). However the derivation of marine primary 
production does not currently account for the chl-a resulting from non-photosynthetically 
functional phytoplankton cells. Hence, to more accurately quantify primary production, it is 
necessary to include a measurement of phytoplankton physiological state. 
 
 
1.2. Ecology of Phytoplankton Death 
 
At any time a large proportion (up to 95%) of the marine phytoplankton community can be dead 
and not photosynthetically functional (Veldhuis et al. 2001, Agustí and Sánchez 2002). It is 
generally assumed that intact cells are either working (growing, repairing, dividing) or capable 
of it. However, whole non-functional cells can be abundant and contribute to ocean colour, and 
hence to estimates of chlorophyll a biomass, and primary production. During phytoplankton 
death (when caused by environmental factors) intact but dead cells remain in the water column. 
The remaining chlorophyll contained in dead cells is not photosynthetically active, which causes 
an uncoupling of chlorophyll a biomass and primary production (Werdell and Bailey 2005). 
Dead cells potentially confound interpretations of in situ productivity measurements. Therefore 
it is necessary to distinguish functional from non-functional phytoplankton cells. The methods 
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for detection are complex, as are the definitions of cell death, cell viability and functionality; 
topics that are discussed below. 
 
 
1.2.1. The proportion of functional cells is highly variable 
 
Studying the rate and processes of phytoplankton death is important in understanding marine 
biogeochemical cycling, the ecology of marine food webs and the fate of phytoplankton blooms 
(Brussaard et al. 1995, Agustí et al. 1998, Agustí and Duarte 2000, Agustí and Duarte 2013). 
However, despite the importance of the topic, there are only a limited number of studies 
investigating variability in phytoplankton cell state or viability. 
 
An early study by Veldhuis et al. (2001) into phytoplankton viability used the nucleic acid stain 
SYTOX-Green as an indicator of membrane permeability. Cells which were exposed to 
SYTOX-Green but not stained had structurally sound membranes and so were classed as viable. 
In water samples from the North Atlantic Ocean the proportion of viable phytoplankton varied 
with depth and between taxa from 50% to 95% viable cells (Veldhuis et al. 2001).  
 
All viability studies of natural populations since Veldhuis et al. (2001) have used the cell 
digestion method (Agustí and Sánchez 2002) (see section 1.5.1 for details). This method 
involves counting the phytoplankton population, introducing enzymes which enter cells with 
compromised membranes to digest them, and finally counting the remaining 
“viable”/undigested phytoplankton cells. This assay has generally been applied to 
cyanobacteria-dominated communities (Agustí 2004, Alonso-Laita and Agustí 2006). The 
population viability of cyanobacteria was reported to vary between taxa and across nutrient 
concentrations, from 4% to 100% (Agustí 2004, Alonso-Laita and Agustí 2006); with sea 
surface temperature (Alonso-Laita and Agustí 2006) and seasonality (Duarte et al. 1999, Agustí 
and Duarte 2000, Agustí and Sánchez 2002, Hayakawa et al. 2008). 
 
There are fewer reports of the application of the cell digestion assay to eukaryote dominated 
assemblages. At the North West African upwelling, dominated by microphytoplankton (mainly 
diatoms) and nanophytoplankton (unspecified taxa), populations had viabilities of 80% and 
98.9% respectively, during May/June 2003 (Alonso-Laita and Agustí 2006). This result 
contrasts the finding of low viabilities in the oligotrophic waters of the North East Atlantic 
(11.8% and 18.6% respectively) (Alonso-Laita and Agustí 2006). Viability of eukaryotic 
phytoplankton populations have been reported to vary seasonally: in the North West Pacific 
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during the spring bloom, viability was 70-90%; this contrasted their viability during the summer 
when cyanobacteria dominated and the eukaryotic population had a viability of 26-41%. 
Seasonal patterns of phytoplankton viability have also been reported, from the NW 
Mediterranean, using the cell digestion method (Agustí and Sánchez 2002). At the beginning of 
summer, diatoms dominated with a population viability of 34%, increasing to 50% at the end of 
summer and further to 81% in autumn (Agustí and Sánchez 2002).  
 
This variability in the proportion of viable cells in the water column may result in a changeable 
level of decoupling between ocean colour (chl-a “signal”) and primary productivity. Viability of 
cells also varies with light level and over the diel cycle, indicating that cell cycle stage could be 
important in the detection and classification of cell viability (Veldhuis et al. 2001). 
 
 
1.3. Defining Phytoplankton Death 
 
1.3.1.  Modes of death 
 
There are numerous possible causes of phytoplankton death and population decline in the 
natural environment. Several of these are well established, for example herbivory and 
sedimentation (Walsh 1983). Phytoplankton termination by micro-zooplankton grazing 
(Baudoux et al. 2008) or viral lysis (Suttle et al. 1990, Brussaard 2004) rapidly removes or 
disintegrates cells; hence they are removed from the particulate pool and their chlorophyll is 
then transferred into the coloured dissolved organic matter (CDOM) pool (Lønborg et al. 2013), 
or rapidly destroyed. Entire phytoplankton blooms such as Phaeocystis (Jacobsen et al. 1996) 
and Emiliania huxleyi (Bratbak et al. 1993, Brussaard et al. 1995), can be terminated by viruses. 
A less established mode of death is a process of genetically controlled ‘auto-mortality’, however 
limited evidence exists for its occurrence in microalgae (Berges and Falkowski 1998, Franklin 
et al. 2006, Vardi et al. 2006, Bidle and Bender 2008, Lane 2008, Segovia and Berges 2009). 
Cell mortality can also be caused by environmental stressors such as temperature stress 
(Alonso-Laita and Agustí 2006), light level (Berman-Frank et al. 2004), UVB radiation (Llabrés 
and Agustí 2006, Llabrés et al. 2010), hydroxyl radicals (Llabrés et al. 2012), darkness, and 
nutrient (Berges and Falkowski 1998, Alonso-Laita and Agustí 2006) or micronutrient (e.g. iron 
and zinc) (Timmermans et al. 2005, Timmermans et al. 2007) limitation.  
 
Mortality caused by environmental stress can leave the phytoplankton cells intact but not 
capable of functioning (i.e. photosynthesise, repair or divide). Cells may sink or eventually 
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disintegrate into dissolved organic carbon, mediated by bacterial dissolution. Virally-induced 
lysis of cells or bacterially-mediated disintegration are important sources of organic carbon for 
the microbial food web (Brussaard et al. 1995, Agusti et al. 2001). As succinctly put by 
Kirchman (1999)  “How phytoplankton die largely determines how other marine organisms 
live”. Meaning that, the fixed carbon from phytoplankton cells terminated by herbivory will be 
utilised by the consumer and further by higher trophic levels. Whereas the fixed carbon from 
cells terminated by virally-induced lysis or environmental stressors, will be utilised by the 
microbial assemblage. 
 
 
1.3.2. Defining “Viability” 
 
The term “viability” is used by microbiologists to describe the physiological state of populations 
as well as individual cells. Cells can exist in many different states, from the live, metabolising 
cell to dead cell fragments. This is a continuous range of states, including intact cells with 
reduced or no metabolic activity, and cells with damaged membranes or DNA. Over this range 
the exact point of death is unknown, as is the stage at which a cell cannot restore its damaged 
self (Davey 2011). Hence the unknown tipping point in this continuum does not allow for a 
clear and distinct definition of viability in terms of life and death. Therefore, for the purpose of 
this study “viable” will be used to describe a phytoplankton cell that has the capacity to 
function, i.e. to photosynthesise, repair and divide. “Non-viable” will describe a cell that has 
lost its capacity to function or when this loss is imminent (i.e. moribund cells). The term 
“population viability” will be used to describe the proportion of viable cells in a population. 
 
 
1.3.3. Defining “Senescence” 
 
The term “senescence” has been used for a range of processes from the cellular to the ecological 
level (Thomas et al. 2009). In organic geochemistry literature “senescence” is used rather 
generally, mostly in reference to periods of declining and degrading chlorophyll, both in the 
context of seasonal declines in the natural marine environment and in cultures (Louda et al. 
1998, Louda et al. 2011). Studies on the fate of phytoplankton have often used “senescence” to 
describe cells which have undergone cell death resulting from environmental stresses such as 
nutrient limitation (Franklin et al. 2006). This study will use “senescence” in the same sense, 
including the description of phytoplankton batch cultures in the late stationary phase and 
declining phases of their growth curve (See next section 1.3.4, Figure 1.1). 
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1.3.4. Batch culture growth cycle 
 
The cycle of phytoplankton population growth and decline in the marine environment is often 
demonstrated using the model system of a batch culture. The growth of an axenic (without 
bacteria) mono-culture usually has five phases (Fogg and Thake 1987). During the first phase, 
the “lag phase” (Figure 1.1), the population density only marginally increases. The duration of 
the lag phase depends on the condition of the inoculum and any change of conditions. During 
the lag phase, the cells’ metabolisms physiologically acclimate to growth, i.e. the cells increase 
levels of enzymes and metabolites involved in cell division and C-fixation. During the second 
phase, the “exponential growth phase”, the population density increases as a function of time (t) 
according to the logarithmic function Ct = C0.e
rt
 where Ct and C0 are population densities at 
times t and 0 respectively and r (intrinsic rate of increase) = [ln(Ct) – ln(C0)]/Δt. During 
exponential growth r ≥ 0.69 d-1. Note: r = µ - m, where µ = specific growth rate and m = 
mortality (Wood et al. 2005). The population then undergoes a period of declining growth rate 
when cell division slows. This occurs when nutrients, light, or other physical or chemical factors 
begin to limit growth. When the limiting factor and growth rate are balanced the population 
density can become relatively constant, this is known as “stationary phase”. During the final 
stage, population density decreases rapidly due to environmental limitation and the culture 
collapses. This can be due to numerous causes, for example, nutrient depletion, oxygen 
deficiency or self-shading. 
 
Chlorophyll content and photosynthetic efficiency (gauged by Fv/Fm) can also change during the 
batch culture cycle (Ebata and Fujita 1971, Kruskopf and Flynn 2006). Fv/Fm is a measurement 
of the maximum photochemical efficiency of photosystem II (PSII) photochemistry. It 
quantifies the proportion of incident light that is used for photosynthesis. Although Fv/Fm is 
known to decrease when cells experience “stressful” conditions (Kolber et al. 1988, Geider et al. 
1993b, Kolber et al. 1994), the proportion of dead cells in a population has a limited effect on 
Fv/Fm (Franklin et al. 2009a). Hence Fv/Fm is a poor indicator of population viability. This is due 
to the non-linear nature of the Fv/Fm ratio (see section 1.6.2 for details). 
  
Figure 1.1. Growth phases 
of microalgal batch cultures. 
Modified from an 
Ostreococcus tauri culture 
cycle to include a lag phase. 
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1.4. Process of Cell Death  
 
1.4.1. Death by environmental factors 
 
Cell mortality can be caused by environmental stressors such as nutrient (Berges and Falkowski 
1998, Alonso-Laita and Agustí 2006) or micronutrient (e.g. iron and zinc) (Timmermans et al. 
2005, Timmermans et al. 2007) limitation, darkness, or UVB radiation (Llabrés and Agustí 
2006, Llabrés et al. 2010). It can be predicted that the processes of cell death will vary 
depending on the stressors affecting the cell. There are very few studies that combine indicators 
of functionality e.g.
 14
C-method for primary productivity, or fluorescein diacetate (FDA) for 
enzyme activity; and indicators of viability e.g. SYTOX-staining for membrane permeability, or 
Fluorodeoxyuridine triphosphate (f-dUTP) for fragmentation of the genome, which illuminate 
the process of cell death. One multi-factor study by Franklin et al. (2012) assessed viability and 
enzyme activity during nutrient limitation of Thalassiosira pseudonana. During N-limitation the 
T. pseudonana cells progressively lost membrane integrity and then hydrolytic enzyme activity.   
 
Another such study of cell state during death was carried out by Veldhuis et al. (2001) on the 
diatom Chaetoceros calcitrans, under environmental limitation. Cultures in stationary growth 
phase had an increased proportion of cells with compromised membrane integrity (as tested by 
SYTOX-Green stain), which preceded a reduction in population size. Loss of membrane 
integrity caused increased permeability and loss of homeostasis in the cell. This indicated that 
the loss of membrane integrity was a late stage in cell death and preceded total disintegration of 
the cell (Kroemer et al. 1995, Naganuma 1996). Cells with reduced membrane integrity were 
able to photosynthesise but because of membrane permeability, it is likely that more small 
metabolites were released (Veldhuis et al. 2001). The final stages of cell death were the 
degradation of chlorophyll (Berges and Falkowski 1998); when cells lost their ability to 
photosynthesise (as indicated by 
14
C-method), and fragmentation of the genome occurred. After 
this process came complete degradation of the cell (Veldhuis et al. 2001).  
 
 
1.4.2. Death by viral lysis 
 
Viruses are the most abundant biological entities in the ocean and are a major cause of 
phytoplankton death. They are ubiquitous in all aquatic environments; and are most abundant in 
productive coastal seas, where numbers are estimated at ~10
8
 virus particles mL
-1
 (Suttle 2005). 
Marine viruses are typically 20-300 nm long and consist of genetic material (nucleic acid, either 
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DNA or RNA, single- or double-stranded) contained in a protein case (capsid). Viruses are 
incapable of independent growth and metabolism and therefore require the cellular machinery of 
a host to replicate. As non-motile entities, viruses contact their hosts by passive motion in the 
water column. Adsorption to the host occurs via attachment to external structures on the cell 
membrane, and entry is gained. During lytic infection the attached virus injects its nucleic acids, 
which redirect the host’s replication machinery to produce virus progeny. The new virus 
particles can be released through the cell wall or via cell lysis to begin the cycle again (Fuhrman 
1999). To date, all described viruses which infect microalgae are lytic, however an alternate 
infection mechanism is known from higher organisms, i.e. lysogenic infection, during which 
viral DNA combines with the host’s DNA and is replicated, but the host remains alive. 
 
1.4.3. Oxidative stress 
 
Oxidative stress occurs in a cell when the production of reactive oxygen species (ROS) exceeds 
the antioxidant defence mechanisms of the cell. Environmental conditions such as high light, 
temperature, salt stress and nutrient limitation have been found to cause oxidative stress in 
cyanobacteria (Latifi et al. 2009), dinoflagellates (Lesser 1996) and diatoms (Rijstenbil et al. 
1994, Rijstenbil 2002). Oxidative stress can also occur during photosynthesis and respiration 
(Apel and Hirt 2004). ROS are produced by the cell and include hydrogen peroxide (H2O2), 
singlet oxygen and hydroxyl radicals (Gadjev et al. 2008). ROS can damage the cell in many 
different ways, but they are also thought to be a ubiquitous signalling molecule and part of the 
cells recognition and response to stress (Apel and Hirt 2004). ROS also have an unresolved role 
in viral lysis and senescence death pathways. Further, ROS production has been linked to viral 
infection of coccolithophore populations (Evans et al. 2006, Bidle et al. 2007, Vardi et al. 2009). 
It is thought that ROS mediates virally-induced cell death (Bidle and Vardi 2011, Vardi et al. 
2012) and is required to trigger functions in the cell required for viral replication (Vardi et al. 
2012). 
 
The links between oxidative stress and cell death have recently been explored in the toxic 
cyanobacteria Microcystis aeruginosa (CCAP 1450/16) (Bouchard and Purdie 2011). Cultures 
were exposed to hydrogen peroxide which resulted in a 2-fold increase in intracellular ROS 
(measured by the probe dihydrorhodamine 123, DHR). The H2O2 exposed cultures showed no 
growth, reduced chl-a content and Fv/Fm reduced to zero within 24 hours. The percentage of 
cells with permeable membranes (SYTOX-positive) also increased.  It was deduced that ROS 
played a destructive role in the cell (Bouchard and Purdie 2011).  
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1.5. Indicators of viability and reactive oxygen species 
 
As demonstrated in the studies detailed above, there are many tests and indicators used for 
phytoplankton viability. Most of these were not designed to determine algal viability, and 
therefore must be tested and optimised thoroughly for the algal strain in question (Garvey et al. 
2007, Peperzak and Brussaard 2011, Zetsche and Meysman 2012). It is common for viability 
indicators to be reliant on the state of the cell membrane; this is because a compromised 
membrane is the first detectable instance that the cell may not recover by self-repair (Davey 
2011). However, unless the test agent is designed very rigorously, there may be a gap or overlap 
between the level of permeability required for incorporation of the indicator and the minimum 
level of membrane permeability where a cell cannot repair, i.e. molecules of the test agent could 
in theory pass through membranes that could still be repaired, giving false-positive results. In 
addition, if the staining concentration is too high, it may force its way into live cells, also giving 
false-positive results. 
 
 
1.5.1. Cell digestion assay 
 
The viability indicator most widely used for assessing natural phytoplankton populations is the 
cell digestion assay (Agustí and Sánchez 2002). When a population is exposed to the assay, 
cells with compromised membrane structure allow the assay to enter into their cytoplasm. 
DNAse I causes fragmentation and hydrolysis of DNA and Trypsin causes phospholipid 
hydrolysis, digesting the cell. Cells with intact membranes are unaffected by the assay but cells 
with compromised membranes are digested and disintegrate, and are therefore unobservable and 
show no auto-fluorescence or staining fluorescence. Counting the number of visible cells in the 
population before and after use of the assay allows calculation of the proportion of cells which 
had compromised membranes.  
 
 
1.5.2. Molecular probes 
 
Molecular probes that use the properties of damaged cell membranes, originally developed for 
biomedical use, have been adopted by phycologists (Wyllie et al. 1980, Ellis et al. 1991, 
Darzynkiewicz et al. 1994). As loss of cell homeostasis is brought about by the loss of 
membrane integrity, the approach has remained popular in the determination of viability. These 
probes are discussed below. 
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 For membrane permeability: SYTOX-Green 1.5.2.1.
SYTOX-Green (Molecular Probes Inc.) is a nucleic acid stain which penetrates into cells with 
compromised plasma membranes and binds to DNA, hence staining non-viable cells. The 
resulting molecule fluoresces green under 488 nm excitation (Molecular Probes, 2010)  .  
 
 
 For ROS: CM-H2DCFDA and DHR 1.5.2.2.
Indicators for cellular Reactive Oxygen Species (ROS) include 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Invitrogen) and dihydrorhodamine 123 
(DHR). CM-H2DCFDA is non-fluorescent and membrane permeable, allowing it to diffuse into 
cells. It is hydrolysed (by esterases) to 2’7’-dichlorohydrofluorescin (DCFH), which is polar 
and becomes trapped in the cells. There it is oxidised by ROS to the fluorescent 
dichlorofluorescein (DCF) (emission at 522 nm) (Haugland 2002), which can be measured by 
flow cytometry (Evans et al. 2006). DHR also passively diffuses across the cell membrane and 
is oxidized by ROS or reactive nitrogen species (RNS) to rhodamine 123 which concentrates in 
the mitochondria and fluoresces green (Crow 1997). DHR has been used to detect intracellular 
ROS levels in cyanobacteria (Bouchard and Purdie 2011).   
 
 
 CMFDA for hydrolytic enzyme activity 1.5.2.3.
Assessment of enzyme activity has also been employed in determining cell viability using the 
probe 5-chloromethylfluorescein diacetate (CMFDA, Invitrogen). The non-fluorescent CMFDA 
enters into cells where intracellular esterases cleave the acetate group, releasing the fluorescent 
product (emission at 517 nm). This conversion only occurs by enzyme activity, and hence only 
cells with hydrolytic enzymatic activity become fluorescent (Kaneshiro et al. 1993, Porter et al. 
1995).  
 
 
1.5.3. Limitations of viability staining 
 
The performance of molecular probes (also known as cellular stains) in phytoplankton cultures 
have been recently evaluated by Peperzak and Brussaard (2011). Probe performance varied with 
species, strain and culture age; hence method optimisation is crucial to the use of these 
molecular probes for determining viability of algal populations. 
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Even after optimisation, staining methods have limitations. Stain concentration and incubation 
time are difficult to standardise for natural water samples. Cell identification can also be 
problematic in natural samples and auto-fluorescence from phytoplankton cells can interfere 
with the probe signal during analysis (Veldhuis and Kraay 2000). For these reasons, the use of 
molecular probes alone to determine viability in mixed natural populations is challenging. 
 
 
 
1.6. Theory and uses of chlorophyll fluorescence 
 
Maximum quantum photochemical efficiency (Fv/Fm) is widely used both as a general measure 
of phytoplankton health and for estimating primary production. To better understand this 
measurement the process of light absorption is briefly described.  
 
 
1.6.1. Description of light absorption and fluorescence 
 
The photosynthetic process can be separated into the light reactions and the dark reactions. The 
light reactions are carried out by photosystems I and II (PSI & PSII), and are made possible by 
light energy absorbed by the chloroplast pigments. Each photosystem has a reaction centre 
comprised of a specific chlorophyll a, complexed with a specific protein (Kirk 1994). The 
reaction centre chlorophyll receives excitation energy either by direct absorption of a photon of 
light, or much more often, via the transfer of energy by inductive resonance transfer, from light-
harvesting (or antenna) pigment molecules (Förster 1967). When the reaction centre chlorophyll 
receives excitation energy, it is raised to an excited electronic state. The excited reaction centre 
chlorophyll then transfers an electron to an acceptor molecule. The electron transfer from PSI 
and PSII eventually results in the reduction of NADP and the splitting of water to pass hydrogen 
to the NADP, respectively, forming NADPH2 (Kirk 1994). However, if the acceptor molecule is 
already reduced, the energy can be dissipated by fluorescence or non-photochemical quenching. 
 
Under low light conditions the transfer of electrons from the PSII reaction centres to the 
acceptor molecules is efficient and hence fluorescence is minimal (Fo). At higher irradiance the 
acceptor molecules are progressively reduced and so at any instant more of the reaction centres 
will be “closed” and fluorescence increases. Therefore under high irradiance the proportion of 
energy received from incident light that is used for photosynthesis is reduced, i.e. the quantum 
efficiency of photosynthesis is reduced (Kolber and Falkowski 1993). When all the reaction 
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centres are closed, fluorescence reaches a maximum (Fm). Variable fluorescence (Fv ) is defined 
as Fv = Fm – Fo. However the relationship between fluorescence and photochemistry is not 
simply inverse, as some excitation energy can also be dissipated by non-photochemical 
quenching (Schreiber et al. 1986) which may include, for example, the conversion of 
fluorescence to heat by carotenoids in the xanthophyll cycle (Demmig-Adams 1990), or 
photodegredation of the PSII reaction centres (Horton and Hague 1988). Biophysical models of 
photosynthesis account for non-photochemical quenching when using fluorescence to determine 
photosynthesis (Kolber and Falkowski 1993). 
 
 
1.6.2. Interpretation of Fv/Fm in a mixed community 
 
The ratio Fv/Fm is directly related to the maximum photochemical quantum efficiency of PSII 
(Cullen 1982, Falkowski and Kolber 1995, Cullen and Davis 2003). Fv/Fm quantifies the 
proportion of incident actinic photons which are used in photochemical quenching, i.e. for 
photosynthesis. The maximum PSII photochemical efficiency is known to decrease when 
autotrophs experience “stressful” conditions for example nutrient starvation or very high 
irradiance (Kolber et al. 1988, Geider et al. 1993b, Kolber et al. 1994). Hence the Fv/Fm  
measurement was established as an indicator of photosynthetic “health” of mixed phytoplankton 
communities on large scales (Moore et al. 2005, Behrenfeld et al. 2006, Suggett et al. 2006). 
However recent work has identified that having a proportion of cells within the population that 
are not photosynthetically functional, has a limited effect on Fv/Fm (Franklin et al. 2009a). 
Further, high Fv/Fm cannot be used as evidence of low mortality, revealing Fv/Fm to be a poor 
indicator of phytoplankton assemblage health (Franklin et al. 2009a). Oceanic measurements of 
Fv/Fm range from 0.65 in nutrient-replete, highly-productive regions to <0.3 in the surface water 
of oligotrophic gyres (Falkowski and Kolber 1995, Smyth et al. 2004).  
 
The ratio Fv/Fm and the measure of the maximum PSII effective absorption cross-section (σPSII) 
are known to vary with phytoplankton taxa (Suggett et al. 2009). The variability of these 
measurements between taxa can exceed changes due to nutrient limitation, with the exception of 
high-nutrient, low-chlorophyll a (often iron-limited) regions (Suggett et al. 2009). In natural, 
mixed phytoplankton assemblages, Fv/Fm tends to reduce with cell diameter (Cermeno et al. 
2005, Suggett et al. 2009). As the maximum ratio of Fv/Fm varies between taxa, direct 
comparison across different phytoplankton assemblages is not simple.  
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1.6.3. Using fluorescence to estimate photosynthesis in situ 
 
Chlorophyll fluorescence can be used to estimate photosynthetic rate (Kolber and Falkowski 
1993, Suggett et al. 2004). Two forms of fluorometry which measure active fluorescence have 
been used for this purpose. 1. Probe and Pump Fluorometry (PPF), and 2. Fast Repetition Rate 
Fluorometry (FRRF). The method of PPF uses weak “probe” flashes of artificial light to 
measure the controlled change in active fluorescence yield induced by a strong “pump” flash of 
actinic light. These measurements are used to derive σPSII, the quantum yield for photochemistry 
and the maximum rate of photosynthetic electron transport at light saturation (Kolber and 
Falkowski 1993).  
 
Fast Repetition Rate Fluorometry (FRRF) is an evolution of PPF and is also based on the 
measurement of active fluorescence (Suggett et al. 2001). Acutely controlled sub-saturating 
flashes are applied allowing manipulation of PSII acceptor molecule reduction (Kolber et al. 
1998). This allows calculation of a wider suite of photosynthetic parameters including Fv/Fm 
(Weis and Berry 1987), σPSII  (Samson and Bruce 1995), quantification of primary and 
secondary electron acceptors (Malkin and Kok 1966, Murata et al. 1966) and the kinetics of 
electron transport on the acceptor side of PSII (Kramer et al. 1990). FRRF has been used to 
calculate primary production, with comparison to radiocarbon or oxygen measurements 
(Suggett et al. 2001, Moore et al. 2003, Suggett et al. 2003).  
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1.7. Chlorophyll and phytoplankton cell death 
 
A possible new approach to the assessment of phytoplankton viability may exist in the study of 
chlorophyll (Bale 2010, Bale et al. 2011). Chlorophyll a (I, Figure 1.2) is the primary pigment 
required for all eukaryotic photosynthesis. It is ubiquitous amongst organisms that perform 
oxygenic photosynthesis. Chlorophyll is a labile molecule when removed from its pigment-
protein complex, and is very sensitive to environmental conditions, e.g. light intensity. 
Chlorophyll molecules fuel the photosynthetic pathway by resonance energy transfer, after 
absorbing light. The process brings chlorophyll into its excited state, which as a by-product, 
converts ground state triplet oxygen into the destructive excited state singlet oxygen (ROS), 
hence it must be under tight control by the cell. 
 
Loss of chlorophyll is thought to occur at a late stage of phytoplankton death (Veldhuis et al. 
2001). This is based on measurements of bulk chlorophyll, estimated using chlorophyll 
fluorescence.  
 
 
1.7.1. Chlorophyll and estimating primary productivity 
 
Satellite measurements of ocean colour are used to make estimates of oceanic chlorophyll from 
which primary production is determined (Antoine and Morel 1996, Sathyendranath and Platt 
2007). These primary productivity models are dependent on in situ truthing by measurement of 
photosynthesis through the radiocarbon 
14
C-method. Chlorophyll a is used as an index of 
phytoplankton biomass and the algorithms which retrieve phytoplankton “biomass” from colour 
data rely on changes in the reflectance at the sea surface corresponding to changes in biomass. 
Gross primary production can then be modelled using the derived biomass, incident irradiance 
and sometimes also photo-adaptation parameters and inherent optical properties of the 
phytoplankton (Sathyendranath and Platt 2007). It is assumed, when modelling production in 
this way, that all of the detected chlorophyll a signal has originated from chlorophyll which is 
actively contributing to photosynthesis. However, some of the detected chlorophyll a signal 
actually originates from chlorophyll contained in dead cells, or other pigments with similar 
spectral properties (e.g. chlorophyll a allomers, see section 1.7) which do not contribute to 
photosynthesis. The presence of allomers or chlorophyll contained in dead cells will confound 
estimates of global primary productivity. 
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Figure 1.2. Structures of chlorophyll a (I), two of its common alteration products (II & III) and 
four allomers (IV to VII).  
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1.7.2. Chlorophyll alteration products linked to phytoplankton death 
 
Chlorophyll transformation, i.e. alteration to the chlorophyll molecule, can arise from any 
disruption to the phytoplankton cell (Jeffrey et al. 1997) and there are many different processes 
by which transformation products are formed. Transformation products have been linked to 
different modes of phytoplankton mortality (Head and Horne 1993, Head et al. 1994, Walker 
and Keely 2004, Bale 2010, Bale et al. 2011). The defunctionalization products pheophytin a 
(II, Figure 1.2), phaeophorbide a (III, Figure 1.2) and their pyro-derivatives have been 
associated with the senescence of diatoms (Spooner et al. 1994a, Spooner et al. 1994b, Louda et 
al. 1998, Louda et al. 2002). It has been found that in the presence of a trace amount of acid, 
chlorophyll a is demetallated (-Mg) forming pheophytin a, and can occur in the acidic guts of 
grazers. Pheophytin a also occurs by enzyme action and has been linked to senescence in 
Phaeodactylum tricornutum cultures (Spooner et al. 1994b). Pheophorbide a formed by 
demetallation and loss of  the phytyl chain from chlorophyll has been associated with 
senescence of T. weissflogii cultures (Spooner et al. 1994c).   The above products (along with 
others) have also been linked with herbivory (Hallegraeff 1981) and bacterial activity (Spooner 
et al. 1994a, Spooner et al. 1995). However, many of the past “senescence” experiments used 
non-axenic cultures, hence the conditions under which the chlorophyll transformation products 
were formed were not closely controlled and chlorophyll transformation could have been 
mediated by bacterial action (Bale 2010).  
 
Chlorophyll and its degradation products are also found in the geochemical record and undergo 
diagenetic changes on a geological time scale (Louda et al. 2000). The long term decay of 
phytoplankton chlorophyll over 31 months in light/dark and oxic/anoxic conditions has been 
used to link pigments found in live phytoplankton to those found in the geochemical record 
(Louda et al. 1998).  
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1.8. Chlorophyll a allomers 
 
Allomers are oxidation products of chlorophyll which can form in the chloroplast or in the water 
column, where the oxidation is centred on ring E (I, Figure 1.2). They are predecessors of 
sedimentary porphyins, which can be derived from chlorophyll (or alternatively, heme) and are 
the basis of organic geochemistry (Treibs 1936). Laboratory reactions of chlorophyll a with 
triplet oxygen in alcoholic solutions produce a complex array of allomers (Jie et al. 2002). 
Chlorophyll a allomers such as 13
2
-hydroxychlorophyll a (HO-chl-a, IV, Figure 1.2) are 
thought to be formed by autooxidation through a reaction with ground state oxygen (Hynninen 
1991). Several allomers similar to those found by laboratory reaction have been identified in the 
natural marine environment and in phytoplankton cultures, as discussed below. One 
hypothesised reason for their presence inside the chloroplast is a build-up of reactive oxygen 
species, when oxidative stress overwhelms defence mechanisms of the cell, i.e. during stress to 
the phytoplankton cell or when membrane integrity is lost (Franklin et al. 2012).  
 
 
1.8.1. Detecting allomers 
 
Chlorophyll a allomers comprise a complex array of components, many with very similar 
structures. Due to the similarity of the UV/vis spectra of many chlorophyll allomers, assignment 
of components requires a combination of UV/vis spectra obtained on-line during HPLC 
analysis, and mass spectral protonated molecule and fragmentation information obtained during 
LC/MS
n
 analysis.  As the array of possible allomers is complex, complete separation by 
chromatography is very challenging. Reversed phase HPLC in combination with LC/MS
n
 has 
been used to assign allomer structures in natural systems; in lake sediments (Squier et al. 2004); 
seawater (Walker and Keely 2004, Bale 2010) and also in culture studies  (Bale et al. 2011, 
Franklin et al. 2012, Bale et al. 2013). This approach permitted 13
2
-methoxychlorophyll a 
(MeO-chl-a, V, Figure 1.2) detection in a phytoplankton culture (Franklin et al. 2012). 
Although commonly detected using routine HPLC methods for phytoplankton pigments 
(Hooker et al. 2005) they are rarely assigned, and are often quantified together with chl-a. 
Assignment of chlorophyll allomers in natural waters is a new challenge as phytoplankton 
numbers are lower. Pre-concentration of extracts prior to analysis may be necessary (Walker 
and Keely 2004). 
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1.8.2. Chlorophyll a allomers in the natural environment  
 
Chlorophyll a allomers have been previously assigned in the water column (Walker and Keely 
2004, Bale 2010), within sediments (Airs et al. 2000, Walker et al. 2002, Chen et al. 2003, 
Szymczak-Żyła et al. 2011) and in phytoplankton cultures (Louda et al. 1998, Szymczak-Żyła et 
al. 2008, Bale et al. 2011, Bale et al. 2013). Hydroxychlorophyll a and Mg-purpurin-7 dimethyl 
phytyl ester (VI, Figure 1.2) were detected during the spring bloom of the Celtic Sea (49
o37ʹN 
10
o20ʹW) in 2002 (Walker and Keely 2004). Allomer abundances were greatest in the later 
stages of the bloom, in the oxygenated zone of the water column (the upper water column) 
(Walker and Keely 2004). This is in contrast to results by Bale (2010), who reported that during 
a North Atlantic spring bloom the ratio of HO-chl-a to chl-a suspended in the water column 
stayed relatively constant (between 0.01 and 0.03). Bale (2010) also reported that the HO-chl-a 
to chl-a ratio in sinking particles was higher (0.05-0.08) than that of suspended particles. These 
contrasting results may be due to differences between the compositions of the phytoplankton 
assemblages or dominant species; however, these two studies did not include taxonomic data.  
 
 
1.8.3. Allomer formation under laboratory conditions 
 
Chlorophyll allomers were originally observed when alcoholic chlorophyll solutions were 
opened to the air. This approach formed Mg-purpurin-7 dimethyl phytyl ester, 15
1
-
methoxylactone-chlorophyll a (MeO-lact-chl-a, VII, Figure 1.2), MeO-chl-a and HO-chl-a, by 
autoxidation (Willstätter and Stoll 1913, Jie et al. 2002). Allomer formation has also been 
reported in phytoplankton cultures aged for months to years (Louda et al. 1998, Szymczak-Żyła 
et al. 2008). 
 
 
 Formation of hydroxychlorophyll a 1.8.3.1.
In laboratory reactions HO-chl-a has been shown to be the sole allomerisation product of 
chlorophyll a in the presence of hydrogen peroxide (Walker et al. 2002). Hence HO-chl-a is 
likely to be formed in phytoplankton cells during loss of viability, in conjunction with an 
increase in reactive oxygen species (ROS). Hydroxychlorophyll a has been found in senescent 
and virally infected cultures (Bale et al. 2013). Preliminary work has shown that MeO-chl-a and 
HO-chl-a both increase in Thalassiosira pseudonana cultures at the onset of senescence, along 
with a decline in Fv/Fm and loss of membrane integrity (Franklin et al. 2012). However, the role 
of ROS during this process has not been investigated previously. Very little is known about the 
Chapter I  Phytoplankton Viability 
~34~ 
 
formation of allomers during phytoplankton mortality. A limited number of chlorophyll a 
allomers have been assigned during culture studies of a total of 4 phytoplankton species (Bale et 
al. 2011, Franklin et al. 2012, Bale et al. 2013). The formation of chlorophyll allomers in cells 
in combination with measurements of Fv/Fm and cell viability has been determined in only one 
study (Franklin et al. 2012). Hence additional culture studies are required to test the ubiquity or 
specificity of allomer formation, in comparison with viability indicators, in different taxa.  
 
 
1.9. Research aims & objectives 
 
The focus of this project was the detection, identification and quantification of allomers in 
cultures and the marine environment with the aim to determine if allomers could be used as 
indicators of phytoplankton viability. The first objective was to select an HPLC method for 
assignment and quantification of allomers. A method selection and optimisation study was 
required to minimise artefact formation and to enable optimum resolution and quantification of 
chl-a allomers. 
 
The selected HPLC method was applied to phytoplankton populations in a culture study. The 
objective of this study was to measure the timing and extent of chlorophyll allomerization in 
relation to loss of membrane permeability, cellular ROS and photosynthetic efficiency (Fv/Fm) 
during population decline. Given the differences in the cell-death pathways mediated by viruses 
versus environmental factors and previous results (Bale et al. 2013), these 2 modes of death 
were chosen. Indicators of viability were measured during both viral infection, and decline due 
to environmental limitation of a phytoplankton culture.   
 
The third objective of this project was to assign and quantify allomers in the water column 
during the natural growth and decline phases of phytoplankton populations over an annual 
cycle. This work expands on two studies of chlorophyll a allomers in the marine water column, 
which are temporally limited to several days (Walker and Keely 2004) and several weeks (Bale 
2010).  
 
Further objectives sought to assign and quantify chl-a allomers with depth through the water 
column in areas of different phytoplankton assemblages; and to investigate the occurrence of 
allomers in relation to the stage of population growth/decline. 
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Chapter II 
HPLC method selection and optimisation for allomer 
separation 
2. CHAPTER II : HPLC method selection and optimisation for allomer separation 
2.1. Introduction  
 
In recent years several HPLC methods have been developed which separate chlorophyll a from 
its allomers (Zapata et al. 2000, Airs et al. 2001a, Saesaengseerung 2013). Airs et al. (2001a) 
developed a method to separate complex distributions of pigments and their alteration products  
from sediment samples (Walker et al. 2002, Hodgson et al. 2003, Squier et al. 2004, Hodgson et 
al. 2006). This method has also been applied to distributions of bacteriochlorophylls (Airs et al. 
2001b, Airs and Keely 2002, 2003, Gich et al. 2003, Wilson et al. 2004, Gich and Overmann 
2006), pigments in particulates from marine water columns (Walker and Keely 2004, Bale 
2010), coral extracts (Venn et al. 2006)  and microalgal cultures (Airs and Llewellyn 2006, Bale 
et al. 2010, Bale et al. 2013). The Airs et al. (2001a) method separates several allomers 
including 13
2
-hydroxychlorophyll a (HO-chl-a), purpurin-7 dimethyl phytyl ester and purpurin-
18 methyl ester (Walker and Keely 2004) and has been used to quantify these allomers in 
culture extracts (Bale 2010), seawater (Walker and Keely 2004) and sediments (Squier et al. 
2004). Recently, the Airs et al. (2001a) method has been used to  separate and assign 13
2
-
methoxychlorophyll a (MeO-chl-a) and HO-chl-a in extracts from microalgal cultures during 
nutrient limitation (Franklin et al. 2012). Despite the length and complexity of the Airs et al. 
(2001) method and its use in conjunction with LC/MS
n
, some components in natural pigment 
distributions remain unidentified (Squier et al. 2004, Airs and Llewellyn 2006). Some of the 
unidentified components show allomer-type elution positions and UV/vis spectra (Airs et al. 
2001a, Hodgson et al. 2003, Bale et al. 2011) and some co-elutions are evident e.g. HO-chl-a 
and a chl-a precursor-like compound (Bale et al. 2011).  
 
The Zapata et al. (2000) method was designed to separate phytoplankton pigments and has been 
applied extensively for this purpose (Zapata et al. 2001, Rodríguez et al. 2003, Latasa et al. 
2004, Not et al. 2005, Wright et al. 2010, Yao et al. 2010). The Zapata et al. (2000) method is 
one of two methods recommended for the analysis of phytoplankton pigments, and achieves 
excellent separation of polar components, e.g. Chlorophyll c2, Mg-2,4-divinyl pheoporphyrin 
and chlorophyllide (Zapata et al. 2000). The Zapata et al. (2000) method is also reported to 
separate an unidentified chl-a allomer from algal cultures (Zapata et al. 2011) as well as divinyl 
chlorophyll a from cyanobacteria cultures (Hutchins et al. 2003). 
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Saesaengseerung (2013) developed an Ultrahigh Performance Liquid Chromatography (UPLC) 
method based on the method of Airs et al. (2001), designed to separate complex pigment 
distributions from sediments in short run times (e.g. 18 min). The Saesaengseerung (2013) 
method was reported to seperate HO-chl-a from chl-a and a number of unidentified chlorins in 
an extract from a lake sediment core (Saesaengseerung, 2013).  
 
Normal phase HPLC has been applied to the separation of chlorophyll allomers in higher plant 
extracts (Kuronen et al. 1993, Jie et al. 2002) and bacteriochlorophylls (Walker et al., 2003). 
Normal phase HPLC methods were used by Kuronen et al. (1993) and Jie et al. (2002) to 
separate HO-chl-a, MeO-chl-a, 15
1
-methoxylactone chlorophyll a (MeO-lact-chl-a) and their 
epimers in the methanolic reaction of chl-a extracted from clover and spinach leaves, 
respectively. The Jie et al. (2002) method has also been applied to allomers produced during the 
methanolic reaction of bacteriochlorophyll a and bacterioviridin a prepared from Chromatium D 
cell paste (Walker et al. 2003). However these high resolution normal phase methods have not 
been applied to microalgal extracts.  
 
When applying HPLC to the separation of chlorophyll allomers it is essential to avoid oxidation 
during analysis as chlorophyll allomers are products of oxidation reactions (Walker et al. 2003). 
Chlorophyll is susceptible to oxidation reactions in alcoholic solutions (Willstätter and Stoll 
1913), therefore alcohols are avoided in the extraction process in favour of acetone (Keely 
2006). Photo-oxidation is a mode of chlorophyll degradation in phytoplankton (Llewellyn et al. 
1990), hence extracts are protected from strong light. Chlorophyll autoxidation occurs slowly in 
acetone (Keely 2006), hence rapid extraction methods are used, e.g. sonication (Airs et al. 
2001a).  
 
For an informative and realistic study of the proportions of chlorophyll a and naturally 
occurring oxidation products, artefact formation during sample extraction, manipulation and 
analysis must be prevented. To examine subtle changes in the proportions of chlorophyll a and 
individual chl-a allomers, optimum resolution of peaks in the region of allomer elution, during 
HPLC, was required. A method selection and optimisation study was therefore undertaken to 
fulfil this objective. 
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2.2. Description of Samples used for Chromatography Optimisation  
 
For method evaluation and optimisation two different sample types were used; standards (see 
Methods chapter 7.5.3 for details) and pelagic, marine particulate samples from station L4 of the 
Western Channel Observatory (http://www.westernchannelobservatory.org.uk) (see Methods 
chapter 7.6.1.2). Standard solutions of chlorophyll a were prepared monthly and stored at -20 
o
C. These solutions contained a low proportion of allomers with an allomer to chlorophyll a 
ratio of 0.02 (approximately 2% allomers). Chlorophyll a standard solutions were used to 
provide sample reproducibility during chromatography optimisation. Pelagic marine particulate 
samples taken from station L4 of the Western Channel Observatory were used to test 
chromatographic methods with a more complex pigment distribution, and were subjected to 
LC/MS
n
 for peak assignment.  
 
 
2.3.  Selection and Optimisation of Airs et al. (2001) 
 
2.3.1. Method selection and optimisation of eluent composition 
 
The Airs et al. (2001) HPLC method was selected for optimisation for this study as it achieves 
good resolution of several allomers and provides separation of a wide polarity range of 
chlorophylls and carotenoids (Bale et al. 2010). The method is also directly amenable to 
LC/MS
n
 which is essential for assignment of components. Within Airs et al. (2001), three 
gradient programs are presented. The main method, (gradient program A) is the full length 
version designed to be delivered by a ternary HPLC pumping system (requiring 3 separate 
solvent lines). Method B is a shortened version of the full gradient program designed for 
extracts that lack the most apolar components which are observed in sediment extracts, e.g. 
culture extracts. The paper also presents a second version of the full method, gradient program 
C, which can be delivered by a binary pumping system (Table 2.1). Gradient program C was 
selected for use as it was directly transferable to the PML LC/MS system which was equipped 
with a binary pump.  
 
The Airs et al. (2001) method employs two Waters Spherisorb cartridge columns joined to 
create an overall column length of 30 cm. The mobile phase comprises ammonium acetate 
solution, methanol, acetonitrile and ethyl acetate in a gradient elution with total run time of 110 
minutes (Table 2.1). Previously, increasing the proportion of ammonium acetate in the initial 
solvent composition from that of Airs et al. (2001) method, was used to improve the 
Chapter II  Method Selection and Optimisation 
~38~ 
 
chromatography of early eluting components (Bale 2010). For the purpose of this study, the 
polarity of the starting composition was increased by raising the proportion of ammonium 
acetate solution from 5 % (Airs et al., 2001) to 10 % (Method 1, Table 2.1). The higher aqueous 
content increased the partition coefficient of chlorophyll a and its allomers, holding them on the 
column for longer (Figure 2.1), enabling improved separation.  
 
The target region for chromatography optimisation was the elution region of 
hydroxychlorophyll a and methoxychlorophyll a i.e. just prior to the elution position of 
chlorophyll a (tR 54 min). The method was therefore shortened to reduce solvent waste by 
ending the run at 65 min. Steps thereafter were designed to clean and re-equilibrate the column 
back to the starting composition, as in the original method (Table 2.1), giving a total run time of 
79 min. A chromatogram obtained from analysis of chl-a standard using Method 1 (Figure 2.1), 
showed improved separation of the allomer group from chl-a as well as partial separation of 
additional components within the allomer group, evident from shoulders on components II and 
IV (Figure 2.1.B). 
 
Table 2.1. Solvent gradient program of Airs et al. (2001) method and Method 1. 
 
Time (min) % Ammonium 
acetate (0.01M) 
% Methanol % Acetonitrile % Ethyl 
acetate 
Airs et al. (2001) method     
0 5 80 15 0 
5 5 80 15 0 
100 0 19 1 80 
105 5 80 15 0 
110 5 80 15 0 
     
Method 1    
0 10 75 15 0 
5 10 75 15 0 
65 5 41 3 51 
66 0 19 1 80 
78 0 19 1 80 
79 10 75 15 0 
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Figure 2.1. Partial HPLC chromatograms (660 nm) of chlorophyll a standard using (A) Airs et al. 
(2001) method and (B) Method 1 (Table 2.1).  
 
 
2.3.2. Application of Method 1 to pelagic particulate samples 
 
The HPLC composition for improved allomer separation (Method 1) was applied to pelagic, 
marine particulate samples from station L4 taken during the spring of 2012. The resulting 
chromatogram contained 4 peaks which eluted in the region expected for chlorophyll a 
allomers, preceding chl-a (peak V, Figure 2.2). Their on-line UV/vis absorption spectra were 
consistent with those expected for chl-a allomers. The chromatogram, however, showed a very 
high allomer peak area compared to chl-a. The peak area ratio of total allomer to chl-a was 
2.61±0.51 (mean ± Standard Error, n=18). The individual ratio of HO-chl-a to chl-a was 
0.26±0.03 (n=18) with values ranging from 0.07 to 0.47. This range can be compared directly to 
the HO-chl-a to chl-a ratio detected in pelagic particulate samples from the North Atlantic 
published by Bale (2010) of 0.015 to 0.04. Therefore, the maximum ratio of HO-chl-a to chl-a 
observed in the Western Channel Observatory samples was more than ten times that observed in 
the North Atlantic samples (Bale 2010). Such a high ratio of HO-chl-a to chl-a was unexpected, 
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and indicated chlorophyll oxidation may have occurred post sampling. Interrogation of 
chromatograms of chl-a standards analysed during the same period revealed an allomer to chl-a 
ratio of 0.091±0.001 (n=6), which corresponded to an increase from the expected allomer to chl-
a ratio in the standard (0.02).  
 
A high degree of chlorophyll a allomerisation has been observed previously by  Van Heukelem 
and Thomas (2001) during chromatography of concentrated samples, when ammonium acetate 
was present in the primary eluent. Therefore, components of the mobile phase in this study may 
have contributed to allomerisation. The antioxidant butylated hydroxy tolulene (BHT) has been 
used as an eluent additive to prevent allomerisation of bacteriochlorophyll a (Koblížek et al. 
2003). In subsequent use of Method 1 (Table 2.1), BHT was added to eluent A (solvent 
composition at t=0) at the final concentration of 0.01 % (w/v) (Koblížek et al. 2003).  
 
To further investigate possible contributions to chlorophyll oxidation, elements of the analysis 
process, including extract preparation, instrument type and HPLC method were assessed.  
Chlorophyll a standard solutions were used for this purpose to provide analytes with consistent 
allomer content. 
 
Figure 2.2. A partial chromatogram (660 nm) obtained during HPLC analysis of a pelagic 
marine particulate extract (0 m from L4 on 27-03-2012), using Method 1 (Table 2.1). 
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2.4. Oxidation of chlorophyll a during sample preparation and analysis   
 
2.4.1. Oxidation during extract preparation for injection 
 
The processes of pigment sampling by filtration, storage at -80 
o
C (Sosik 1999) and extraction 
in acetone using sonication, under dim light, are well established and commonly used for 
routine pigment analysis (Pickney et al. 2011). Known artefacts of extraction include 
chlorophyllide, which forms through contact between the enzyme chlorophyllase and 
chlorophyll a during cellular disruption (Jeffrey and Hallegraeff 1987), particularly in diatom 
samples. The transesterification reaction that produces chlorophyllide from chlorophyll a can 
also proceed via acid or base catalysis in the absence of enzyme.  Notably chlorophyllide can 
also be present naturally in cells as a biosynthetic precursor to chlorophyll a. With the exception 
of loss of the extremely labile cyclophaeophorbide enols during extraction in acetone 
(Kashiyama et al. 2012) no other artefacts of extraction in acetone have been reported. As 
oxidation of chlorophyll occurs readily in alcoholic solutions (Jie et al. 2002), acetone is 
recommended for extraction (Keely 2006). The extraction process was therefore not 
investigated as a possible source of chlorophyll allomers. For the purpose of assessing post-
sampling oxidation, chlorophyll a standard was used, avoiding the need for an extraction step.  
 
During HPLC analysis of pigments, the extract is commonly mixed with water or a salt solution 
(Vidussi et al. 1996, Barlow et al. 1997, Latasa and Bidigare 1998), in order to match the 
polarity of the extract with the initial mobile phase composition. In this study, the injected 
samples contained acetone and water mixed in a ratio of 10:1. The process of mixing the extract 
with water, normally performed by the HPLC autosampler, was a possible source of oxidation. 
For the purpose of testing for oxidation, chlorophyll a standard was prepared with 100% 
acetone. Comparisons were made between mixing the standard with water manually and using 
an Agilent 1200 autosampler to mix both in the injector seat and in a separate vial (Table 2.2). 
In both cases the autosampler was programmed to draw the sample volume from the vial in two 
parts with water sandwiched between. Contamination of the vial containing the water was 
avoided by programming the autosampler to dip the needle into a vial containing acetone 
immediately after drawing sample.  A wait time of 30 s after the mixing step was included to 
allow thorough mixing of the sample and water components before injection. 
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Automated mixing of sample and water in the injector seat, resulted in a ratio of allomer to chl-
a of 0.38±0.03 (n=3). The resulting chromatogram contained peaks III and IV which had 
merged, and were poorly separated from chl-a (peak V; Figure 2.3.A) compared to the direct 
injection of chl-a standard in 90% acetone (Figure 2.1.B). Automated mixing in a separate vial 
caused peak fronting and overlapping (Figure 2.3.B) and increased the allomer to chl-a ratio to 
1.4±0.23 (n=3), the highest of the mixing methods. Manual mixing gave rise to a chromatogram 
with improved resolution between peaks III and IV compared to the automated mixing methods 
(Figure 2.3). Manual mixing resulted in an allomer to chl-a ratio of  0.21±0.02 (n=3). When a 
mixing step was not required i.e. for a chl-a standard prepared in 90% acetone (Figure 2.1.B), 
the allomer to chl-a ratio was decreased (0.09±0.001, n=6), but the chromatography of the 
allomers was very similar (Figures 2.1.B and 2.3.C), indicating additional components were not 
produced during manual mixing.  
 
Automated mixing increased the quantity of chlorophyll oxidation products and possibly the 
number of oxidation product types, causing the allomer peaks to merge and hence decrease peak 
resolution (Figure 2.3). During automated mixing in the Agilent autosampler, a piston in the 
sampling unit moves back and forth drawing fluid through a needle. If the needle is positioned 
in the injector seat (as in Table 2.2.A) it will pull fluid through a waste line which is open to the 
atmosphere. When the needle is positioned in a vial, fluid is drawn out of and into the vial (as in 
Table 2.2.B) and providing the vial contains adequate sample, no air is included. As the mixing 
vial contained only 100 µL and this total volume was drawn into and out of the needle during 
the mixing step (Table 2.2.B), it is highly likely that air was included in the process. This 
inclusion of air is likely to be the main cause of oxidation observed in chl-a standard mixed in a 
vial prior to chromatography (Figure 2.3.B). The mix step involves interaction between the 
analyte and mobile phase present in the sample loop capillary; this may be an additional cause 
of sample oxidation. The needle and capillaries used in the Agilent autosampler are stainless 
steel; hence they are not a cause of sample oxidation. The manual mixing method provided 
chromatograms with the greatest peak resolution and least allomer production during analysis of 
chl-a standard. Manual mixing was therefore used when a sample required mixing with water 
before injection. 
  
Chapter II  Method Selection and Optimisation 
~43~ 
 
Table 2.2. Injection program for the automated mixing of sample with water (Vial 10) in A. the 
injector seat and B. a clean vial. An acetone wash step (Vial 9) is included. 
# A. Mixing in Injector Seat B. Mixing in Vial 
1 DRAW 45 µL from sample, max. speed, def. offset DRAW 45 µL from sample, max. speed, def. offset 
2 DRAW 0 µL from Vial 9, max. speed, def. offset DRAW 0 µL from Vial 9, max. speed, def. offset 
3 DRAW 10 µL from Vial 10, max. speed, def. offset DRAW 10 µL from Vial 10, max. speed, def. offset 
4 DRAW 0 µL from Vial 9, max. speed, def. offset DRAW 0 µL from Vial 9, max. speed, def. offset 
5 DRAW 45 µL from sample, max. speed, def. offset DRAW 45 µL from sample, max. speed, def. offset 
6 MIX 100 µL in seat, max. speed, 6 times MIX 100 µL in vial+1, max. speed, 6 times 
7 WAIT 0.50 min WAIT 0.50 min 
8 INJECT INJECT 
 
 
Figure 2.3. Partial HPLC-Diode Array Detector (660 nm) chromatograms of chlorophyll a and 
chlorophyll a allomer elution after preparation of extract by; (A) automated mixing in injector 
seat, (B) automated mixing in vial, and (C) manual mixing.  
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2.4.2.  Comparison of oxidation in HPLC systems 
 
To discover additional sources of chlorophyll oxidation from instrumentation, the allomer to 
chl-a ratios from injections of chlorophyll a standard were compared between two different 
HPLC systems, over a period of several months. HPLC System 1, used to run Method 1 (Table 
2.1), was an Agilent 1200 instrument comprising a binary pump, micro vacuum degasser, 
autosampler with fitted thermostat, temperature controlled column compartment and diode array 
detector. HPLC System 2, was a Thermo Accela instrument with UPLC pumping capability, 
quaternary pump, vacuum degasser, temperature controlled autosampler, column oven and 
photodiode array detector. System 2 was used to run a method adapted from Zapata et al. (2000) 
for the analysis of phytoplankton pigments. Chl-a standards prepared in 90% acetone were used 
for this comparison, and stored at -20 
o
C.  
 
The proportion of chlorophyll oxidation products observed was consistently higher in 
chromatograms obtained using System 1, compared to System 2 (Figure 2.4). System 2 
produced allomer to chl-a ratios of 0.011±0.001 (n=18). System 1, however, produced allomer 
to chl-a ratios of 0.091±0.013 (n=18). Therefore, both the amount and variability of 
allomerisation observed were higher in standards analysed using System 1. As the two systems 
were used to run different methods, multiple factors could have been contributing to the 
observed differences in chlorophyll oxidation. Separate components of Systems 1 and 2 were 
systematically tested to determine potential sources of oxidation. 
 
Figure 2.4. Allomer to chl-a ratios resulting from injections of chlorophyll a standard into System 
1 (Agilent instrument running Method 1) ● and System 2 (Accela Instrument running Zapata et 
al. 2000 method) ◦. Ratios calculated from peak areas in 660 nm DAD chromatograms. Arrows 
indicate times of new standard preparation. 
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To determine the overall contribution to chlorophyll oxidation from instrumentation, Method 1 
was set up on both instruments. Injections of chlorophyll a standard revealed a lower ratio of 
allomer to chl-a for standards analysed using the Accela instrument (0.0757±0.0004; n=5; 
Figure 2.5), compared to those analysed using the Agilent instrument (0.091±0.013; n=18). The 
variability of the allomer to chl-a ratio was also reduced when Method 1 was applied to the 
Accela instrument as judged by the lower standard error (Figure 2.5). Notably this allomer to 
chl-a ratio and variability (from Method 1 on the Accela instrument) was much higher than that 
observed for chl-a standard injected onto the Accela system using the Zapata et al (2000) 
method (Figure 2.5), indicating a larger contribution to the high allomer to chl-a ratio from the 
HPLC method than the instrumentation.  
 
The ratio of allomer to chl-a observed during analysis of chl-a standard using Method 1 was 
compared with the Airs et al (2001) method, both ran on the Accela instrument. The ratio of 
allomer to chl-a observed was higher when the Airs et al. 2001 method was used (0.12±0.009, 
n=5) compared to Method 1 (0.078±0.004, n=5 Figure 2.5).  
 
The difference in the ratio of allomer to chl-a observed from chl-a standard analysed using the 
Zapata et al. (2000) method and Method 1, is striking (Figure 2.5), and results from 
allomerisation due to the mobile (solvent composition) and stationary (column) phases. The 
Airs et al (2001) method and Method 1 are both performed using a Waters Spherisorb polymeric 
ODS2 (OctaDecyl, C18) column (300 x 4.6 mm, 3 µm particle size, 80 Å pore size) on silica 
with a carbon load of 11.5% and surface area 220 m
2 
g
-1
, whereas the Zapata et al (2000) 
method uses a Waters Symmetry monomeric C8 column (150 x 4.6 mm, 3.5 µm particle size, 
100 Å pore size) on high purity silica with a carbon load of 19% and surface area 335 m
2 
g
-1
. To 
investigate the contribution to chlorophyll oxidation from the stationary phase, chlorophyll a 
standard was analysed using the mobile phase composition of Method 1, with the Spherisorb 
ODS2 and Symmetry C8 columns on the Accela instrument. Changing the stationary phase from 
Spherisorb ODS2 C18 to Symmetry C8 reduced the allomer to chl-a ratio from 0.078±0.004 to 
0.024±0.005 (n=5, Figure 2.5). Chromatography on the Symmetry C8 produced 3 allomer peaks, 
and the chl-a elution time was reduced to 29 min, from 51 min, however the separation between 
the chl-a peak and the adjacent allomer was reduced. The lowest ratio of allomer to chl-a and 
lowest variability, however, was achieved using the Zapata et al. (2000) mobile and stationary 
(Symmetry C8) phases together (Figure 2.5). 
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Figure 2.5. Allomer production during chromatography of chlorophyll a standard using Agilent 
and Accela instruments with 3 HPLC methods and 2 column types. Mean ratios of allomer to 
chl-a are shown with SE bars (n=5). 
 
 
A lower ratio of allomer to chl-a was observed in chlorophyll a standards than in marine 
particulate samples, both analysed by System 1 during the same period (section 2.3.2). This 
high variability of allomer production observed when using System 1 (Figure 2.4) could 
contribute to this difference between chl-a standard and marine samples. The level of oxidation 
observed in marine samples using Method 1 (2.61±0.51, n=18, Figure 2.2) has been previously 
reported during routine pigment analysis at Plymouth Marine Laboratory using an earlier model 
of the Agilent instrument (PML, unpublished results). The Agilent 1100 HPLC system 
contained a similar pump and injection system to the 1200 model described above. This earlier 
analysis used a mobile phase gradient, containing ammonium acetate, based on Barlow et al. 
(1997). This previous report also identified variation in the allomer to chl-a ratio between 2 
individual columns (both Thermo C8 hypersil mos-2, 100 mm x 4.6 mm, 3 µm) (PML, 
unpublished results). 
 
The type of stationary phase used was a major contributor to the high allomer to chl-a ratio 
observed during analysis of chl-a standard and marine particulate samples by Method 1 (Figure 
2.4 & 2.5). This was partly due to the length of time the analyte spent on the column, i.e. 
Method 1 on the C8 column eluted chl-a faster than the C18 column. The mobile phase 
composition and gradient had a smaller contribution to this high allomer to chl-a ratio (Figure 
2.5).  
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2.4.3. Ultra-High Performance Liquid Chromatography 
 
A recent development in HPLC technology, Ultra-High Performance Liquid Chromatography 
(UPLC) utilised high pressure conditions to reduce method duration and solvent consumption. 
The short run times of UPLC methods minimises the time the analyte spends on the column. As 
column type is a major contributor to high allomer to chl-a ratios (Figure 2.5), decreasing 
method duration may reduce allomerisation. Several UPLC methods have been developed for 
microalgal pigment analysis from sediments (Saesaengseerung 2013) and phytoplankton 
cultures (Mulders et al. 2013). The Mulders et al. (2013) method achieves separation of 
chlorophyll a from one allomer peak reported as being either MeO-chl-a or MeO-lact-chl-a and 
has a run time of 20 min. Saesaengseerung (2013) developed 2 UPLC methods based on the 
Airs et al. (2001a) method. Method 6 was designed for use on two Acclaim 120 C18 columns 
(100 mm × 2.1 mm i.d., with 2.2 μm particle size), with a run time of 23 minutes. Method 10 
was developed for use on an Acquity UPLC BEH C18 column (150 mm x 3mm i.d with 1.7 μm 
particle size), and had a run time of 20 minutes. Both methods were designed for complex 
pigment distributions from sediment samples.  Method 10 achieved separation of HO-chl-a and 
several unidentified chlorins from sediment samples (Saesaengseerung 2013) and was therefore 
selected for use in this study.  
 
The Saesaengseerung (2013) method (Table 2.3) was applied to the Accela instrument. Analysis 
of chlorophyll a standard by the Saesaengseerung (2013) method produced a chromatogram 
which exhibited 2 allomer peaks preceding chl-a (Figure 2.6) with UV/vis absorption spectra as 
expected for chl-a allomers. The ratio of allomer to chl-a, 0.61±0.014 (n=6), was higher 
compared to any of the other methods or column types used to analyse chl-a standard in this 
study.  The C18 column type may have been a contributor to this high allomer to chl-a ratio. 
Another possible cause of the high allomer to chl-a ratio resulting from the UPLC method may 
have been irregularity in the Accela quaternary pump, indicated by an unstable baseline during 
system preparation and analysis of chl-a standard. 
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Table 2.3. Solvent gradient programs from Airs et al. (2001) method and Saesaengseerung 
(2013) method. 
Time (mins) % Ammonium 
acetate (0.01M) 
% Methanol % Acetonitrile % Ethyl 
acetate 
Airs et al. (2001) method    
0 5 80 15 0 
5 5 80 15 0 
100 0 20 15 65 
105 0 1 1 98 
110 0 1 1 98 
115 5 80 15 0 
     
Saesaengseerung (2013) method 
0 10 80 10 0 
0.5 10 80 10 0 
7 5 64 10 21 
16 0 50 10 40 
18 0 31 6 63 
18.5 0 19 1 80 
19.5 0 19 1 80 
20 10 80 10 0 
 
 
Figure 2.6. Partial UPLC chromatogram (660 nm) of chlorophyll a standard at time of chl-a and 
allomer elution, using Saesaengseerung (2013) method. 
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2.5. Optimisation of Zapata et al (2000) method 
 
As the Zapata et al. (2000) method resulted in the smallest ratio of allomer to chl-a (Figure 2.5), 
it was selected for optimisation of chl-a and allomer chromatography, by modification of the 
mobile phase composition and gradient (Table 2.4). The aqueous content of the mobile phase 
was increased from 25 to 35 % (Table 2.4) in order to retain chlorophyll a on the column for 
longer, to enable increased interaction with the stationary phase and hence improve separation 
(Table 2.4, Method 2). The composition at 22 min was also altered from Zapata et al. (2000) 
method, to modify the rate of change of aqueous content in the gradient. The rate of change of 
aqueous content was decreased between 0 and 22 min and increased between 22 and 28 min 
(Table 2.4, Method 2).  
Table 2.4. Solvent gradient programs and average allomer to chl-a ratio (mean ± SE), n=5.  
Time (mins) % Methanol % Acetonitrile % Aqueous Pyridine 
(0.248M) 
% Acetone 
Zapata et al. (2000), Method a    
0 50 25 25 0 
22 38 39 15 8 
28 21.5 58.25 1.25 19 
38 21.5 58.25 1.25 19 
40 50 25 25 0 
Average allomer to chl-a ratio = 0.012±0.006 
Method 2    
0 40 25 35 0 
22 32 39 21 8 
28 21 58.25 1.75 19 
38 21 58.25 1.75 19 
40 40 25 35 0 
Average allomer to chl-a ratio = 1.4±0.3 
Method 3    
0 50 25 25 0 
5 50 25 25 0 
27 38 39 15 8 
33 21.5 58.25 1.25 19 
43 21.5 58.25 1.25 19 
45 50 25 25 0 
Average allomer to chl-a ratio = 0.036±0.001 
 
Increasing the percentage of the aqueous component of the mobile phase resulted in a slight 
increase in chlorophyll a retention time from 33.5 min to 35.2 min (Figure 2.7, A & B). The 
altered mobile phase composition, however, had a dramatic effect on the ratio of allomer to chl-
a, which increased to 1.4±0.35 (n=3) compared to 0.012±0.0006 (n=5) from the unaltered 
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Zapata et al. (2000) method. This is a far larger increase than that observed between column 
types, indicating that the increased aqueous component of the mobile phase greatly affected the 
allomer to chl-a ratio. Furthermore, the chromatogram obtained using Method 2 contained an 
additional peak in the allomer region (with UV/vis maxima at 430 and 660 nm) compared to the 
chromatogram obtained using the Zapata et al. (2000) method (Peak vi’, Figure 2.7, A & B). 
The resolution of peaks from Method 2 were reduced between peaks v and vi and between peak 
vi and chl-a (vii) compared to the Zapata et al (2000) method (from R=0.7 to R=0.55 and from 
R=1.28 to R=0.96 respectively).  
 
An alternative method to increase chl-a retention, without increasing the aqueous content of the 
mobile phase was required. To this aim, an isocratic hold of the initial mobile phase 
composition was included in the method (Table 2.4, Method 3). The elution time of chl-a was 
increased to 39 min (Figure 2.7.C), but the ratio of allomer to chl-a also increased to 
0.036±0.001 (n=3), compared to 0.012±0.0006 (n=5) obtained using the Zapata et al (2000) 
method. The increase in allomer to chl-a ratio from 0.012 to 0.036 indicates that increased time 
on the column may contribute to allomerisation. Method 3 also caused a slight reduction in peak 
resolution compared to that obtained using the Zapata et al. (2000) method, between peaks v 
and vi (R=0.61) and between peak vi and chl-a (R=1.16). The allomer components observed 
from a chl-a standard analysed using Method 3 were the same as those observed using Method 
2, which differed from the components observed after analysis using the Zapata et al. (2000) 
method. Method 3 resulted in a much lower ratio of allomer to chl-a than Method 2, which 
indicates that the proportion of aqueous content has a larger effect on the ratio of allomer to chl-
a than the length of time spent on the column. 
 
Chromatograms obtained from chlorophyll a standard using the Zapata et al. (2000) method 
contained 3 allomer peaks (peaks vi, v and vi, Figure 2.7, A), whereas 4 allomer peaks resulted 
from Method 1 (Figure 2.1, B). However, direct comparison of Method 1 and the Zapata et al. 
(2000) method, on the Accela instrument using a Symmetry C8 column, revealed a larger 
allomer to chl-a ratio observed from chl-a standards analysed using Method 1 (0.024±0.005, 
n=5) than from using the Zapata et al. (2000) method (0.013±0.0007, n=5). Method 1 also 
resulted in higher variability of the allomer to chl-a ratio than the Zapata et al. (2000) method. 
The low and repeatable allomer to chl-a ratio observed in chromatograms of chl-a standard 
analysed using the Zapata et al. (2000) method indicated the lowest level of chlorophyll 
oxidation was occurring, compared to any of the other methods tested in this study. 
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Minimising oxidation in the HPLC system was highly important for this study as it aims to 
measure the occurrence of allomers in marine particulate and phytoplankton culture samples, 
therefore the Zapata et al. (2000) method was chosen for analysis. The lower number of allomer 
peaks observable by the Zapata et al. (2000) method, compared to Method 1 was a compromise 
necessary for reliable data collection. 
 
Figure 2.7. Partial HPLC chromatograms (660 nm) of chlorophyll a standard using (A) Zapata et 
al. (2000) method, (B) Method 2 and (C) Method 3. For assignment of peaks see text, section 
2.6. 
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2.6. Assignment of peaks using LC/MSn 
 
2.6.1. Particulate sample from station L4, analysed using the Zapata et al. (2000) method  
 
The Zapata et al. (2000) method was applied to a pelagic particulate sample from station L4 and 
allomers were assigned according to their UV/vis spectra and Full MS and MS
2
 spectra obtained 
during LC/MS/MS analysis. Three peaks eluted in the region expected for chlorophyll a 
allomers (peaks iv, v & vi, Figure 2.8). Peaks v and vi had UV/vis absorption spectra 
indistinguishable from that of chl-a with UV/vis absorption maxima at 428 nm and 663 nm 
(Table 2.5). Peak v gave rise to a UV/vis spectrum exhibiting a Soret band blue shifted 
compared to chl-a (Table 2.5), previously associated with MeO-chl-a (Franklin et al. 2012).  
 
Peaks i and ii, eluted in the region expected for chlorophyll b allomers, just before chlorophyll b 
(peak iii, Figure 2.8). However, peaks i and ii gave rise to UV/vis absorption spectra consistent 
with chl-a allomers (Table 2.5). From LC/MS/MS analysis with post-column addition of acid 
(Methods chapter 7.6.5), peak i gave rise to a major ion at m/z 901 corresponding to the 
expected mass of [M+H-Mg]
+
 for hydroxychlorophyll b (Table 2.5). A minor ion at m/z 923 
represented a small proportion of [M+H]
+
, which had not undergone demetallation. On 
resonance induced fragmentation of the ion at m/z 901, major ions were observed in the MS
2
 
spectrum at m/z 623, m/z 883 and m/z 605 corresponding to [M+H-Mg-C20H38]
+
, [M+H-Mg-
H2O]
+
 and [M+H-Mg-H2O-C20H38]
+
 respectively (Table 2.5). The loss of H2O from the 
protonated molecule, and position relative to chl-b are consistent with hydroxychlorophyll b. 
The MS signal from peak ii was not adequate for identification. Hydroxychlorophyll b has been 
reported to have a UV/vis spectrum indistinguishable from chlorophyll b (Hyvärinen and 
Hynninen 1999), however the LC/MS/MS analysis allows assignment of peak i as 
hydroxychlorophyll b. 
 
Peak iv gave rise to a major ion at m/z 869 corresponding to [M+H-Mg]
+
 (Table 2.5). On 
resonance induced fragmentation, the ion at m/z 869, gave rise to m/z 593 in the MS
2
 spectrum 
(Table 2.5), equating to a loss of 276 Da. Chlorins esterified to a phytol chain at C17
3
 
commonly fragment during LC/MS
2
 to lose 278 Da (Airs et al. 2001b). The loss of 276 Da thus 
indicates an additional double bond in the phytyl chain. Peak iv is therefore assigned as the 
biosynthetic precursor to chlorophyll a (Rüdiger 2006); chlorophyll aP276 as detected previously 
in Thalassiosira pseudonana, Emiliania huxleyi (Franklin et al. 2012) and Pavlova gyrans (Bale 
2010).   
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From LC/MS/MS with post-column addition of formic acid, peaks v and vi gave rise to major 
ions at m/z 887 and m/z 869 corresponding to [M+H-Mg]
+
 and [M+H-Mg-H2O]
+
 for 13
2
-
hydroxychlorophyll a (Table 2.5). A minor ion at m/z 909 was observed, corresponding to 
[M+H]
+
 representing a small proportion of HO-chl-a that had not undergone demetallation. On 
resonance induced fragmentation of the ions at m/z 887 and m/z 869, major ions were detected 
at m/z 869, m/z 591 and m/z 531 in MS
2
 corresponding to [M+H-Mg-H2O]
+
 , [M+H-Mg-H2O-
C20H38]
+
 and [M+H-Mg-OH-C20H38-CO2Me]
+
 respectively (Table 2.5). This loss of H2O from 
the protonated molecule is diagnostic of the HO-chl-a structure (Jie et al. 2002, Franklin et al. 
2012). Although peak v had UV/vis absorption spectra (Table 2.5) previously associated with 
methoxychlorophyll a (Franklin et al. 2012), the diagnostic MS
2
 spectrum permits assignment 
as 13
2
-hydroxychlorophyll a. No evidence of methoxychlorophyll a or 
methoxylactonechlorophyll a was found in the marine particulate samples analysed by LC/MS 
using the Zapata et al. (2000) method.  
 
Figure 2.8. Partial HPLC chromatogram (660 nm) of a pigment extract from a marine pelagic 
surface sample collected from Station L4 on 10-04-12, analysed using the Zapata et al. (2000) 
method. 
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Table 2.5. Assignment of chlorophylls a, b and allomers in marine surface water sample (from 
station L4) after HPLC using Zapata et al. (2000) method, using UV/vis maxima and the most 
abundant ions resulting from LC/MS/MS (m/z, major ions). 
Peak no. Main UV/vis absorption 
bands (nm) 
Assignment Full MS ions (m/z) MS
2
 major ions (m/z) 
i 428, 662 Hydroxychlorophyll b 923, 901 623, 883, 605 
ii 428, 662 Unidentified allomer 3   
iii 460, 648 Chlorophyll b   
iv 429, 663 Chlorophyll aP276 869 593, 533 
v 420, 659 Hydroxychlorophyll a 887, 869 887, 609, 869, 591, 531 
vi 427, 662 Hydroxychlorophyll a 909, 887, 869 887, 609, 869, 591, 531 
vii 429, 663 Chlorophyll a   
viii 429, 663 Chlorophyll a’   
 
 
 
2.6.2. Particulate sample from station L4, analysed using Method 1  
 
Method 1 was applied to a particulate sample from station L4 and the chlorophyll a allomers 
were assigned using UV/vis spectra and LC/MS
n
.  Four components in the marine sample 
chromatogram gave UV/vis spectra as expected for chl-a allomers (Table 2.6) (Kuronen et al. 
1993). Peaks I, II and III gave rise to UV/vis spectra indistinguishable to chl-a (Table 2.6) and 
peak IV gave rise to a UV/vis spectrum with a blue-shifted Soret band (Table 2.6). 
 
Peaks I gave rise to major ions at m/z 887 and 869 corresponding to [M+H-Mg]
+
 and [M+H-
Mg-H2O]
+
 for 13
2
-hydroxychlorophyll a, respectively  (Table 2.6). Their MS
2
 spectra were 
consistent with the HO-chl-a structure, as described above (Table 2.6) (Jie et al. 2002). Peak I 
was therefore assigned as 13
2
-hydroxychlorophyll a. 
 
Peaks II and III (Figure 2.2) gave rise to major ions at m/z 901 and m/z 869, corresponding to 
[M+H-Mg]
+
 and [M+H-Mg-MeOH]
+
 for 13
2
-methoxychlorophyll a (MeO-chl-a) (Franklin et al. 
2012) with minor ion at m/z  923 corresponding to the protonated molecule (Table 2.6). On 
fragmentation, the ion at m/z  901 gave rise to MS
2 
spectra exhibiting major ions at m/z 869, m/z 
613, m/z 591 and m/z 531 corresponding to [M+H-Mg-MeOH]
+
, M+H-MeOH-C20H38]
+
, [M+H-
Mg-MeOH-C20H38]
+
 and M+H-Mg-MeOH-C20H38-COCO2Me]
+
 respectively (Table 2.6). The 
dominance of the loss of MeOH is diagnostic of the MeO-chl-a structure (Jie et al. 2002, 
Franklin et al. 2012). These two peaks can therefore be assigned as 13
2
-methoxychlorophyll a 
and its epimer.  
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Peak IV gave rise to an abundance of ions at m/z 939 (Table 2.6) representing the protonated 
molecule. Unlike the other allomers described, this component was not readily demetallated. 
The MS
2
 spectra generated from the ion at m/z 939 contained a major ion at m/z 852 
corresponding to [M+H-COCO2Me]
+
. It also contained ions at m/z 574 and 821 corresponding 
to [M+H-C20H38-COCO2Me]
+
 and [M+H-MeOCOCO2Me]
+
 (Table 2.6). The loss of 
MeOCOCO2Me is diagnostic of 15
1
-methoxylactonechlorophyll a (Jie et al., 2002).  
 
As no evidence of MeO-chl-a or MeO-lact-chl-a was found in the marine particulate samples or 
chl-a standard analysed using the Zapata et al. (2000) method, it is possible that these 
compounds were produced artificially by Method 1 or were not resolved by the Zapata et al. 
(2000) method.  
 
Table 2.6. Assignment of chlorophylls a, b and allomers in marine surface water sample (from 
station L4) after HPLC using Method 1, using UV/vis maxima and the most abundant ions 
resulting from LC/MS/MS (m/z, major ions). 
Peak no. Main UV/vis 
absorption bands (nm) 
Assignment Full MS ions 
(m/z) 
MS
2
 major ions (m/z) 
I 430, 664 Hydroxychlorophyll  a 909, 887, 869 906, 869, 591, 531 
II 430, 664 Methoxychlorophyll a 923, 901, 869 869, 645, 623, 613, 591, 
531 
III 432, 664 Methoxychlorophyll a 923, 901, 869 869, 645, 623, 613, 591, 
531 
IV 420, 664 Methoxylactone chlorophyll a 939, 917 907, 852, 821, 661, 629, 
574, 537 
V 430, 664 Chlorophyll a   
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2.7. Conclusions 
 
This study highlights how readily chlorophyll a allomers can be formed as artefacts during 
HPLC and LC/MS analysis and how variable this allomerisation can be. For the purpose of 
detecting allomers in culture and marine particulate samples, this level of artefact formation is 
prohibitive. Extract manipulation, HPLC instrumentation and method duration were all 
contributors to sample oxidation, with the aqueous component of the mobile phase and the 
interaction between the stationary and mobile phases being the largest contributors to 
allomerisation found in this study. Although most of this study was carried out using standards, 
some of the natural samples analysed using Method 1 showed high levels of allomerisation, 
indicating both sample types can be prone to this effect. Notably, the effect of HPLC method on 
allomerisation of extracts from sediments was not investigated during this study. 
 
The selection of a robust analytical method and careful testing for artefacts is crucial when 
undertaking pigment analysis. The HPLC system must be assessed for artefact formation and 
measures taken to reduce the level and variability of oxidation before the method is applied to 
samples. The allomer to chl-a ratio should be assessed daily using standards before samples are 
processed, to ensure confidence in the HPLC method.  
 
The sensitivity of extracted chlorophyll to allomerisation during pigment analysis has 
implications for previous studies that did not employ rigorous testing of artefact formation. A 
large proportion of the allomers observed may have been artificially created in the HPLC 
system (eg. Figure 2.4). Further, allomers reported to occur in natural particulates may have 
been formed as artefacts. From the HPLC methods assessed here, the Zapata et al (2000) 
method conceded a minimal and repeatable level of allomers during analysis of standards 
(Figure 2.5) however the range of allomers detected was reduced compared to Method 1. It was 
therefore necessary to compromise peak resolution for robust and trustworthy results. 
Chapter III  O. tauri viral infection and senescence 
~57~ 
 
Chapter III 
Chlorophyll oxidation and indicators of viability during viral 
infection and senescence in the prasinophyte Ostreococcus 
tauri 
3. CHAPTER III : Chlorophyll oxidation and indicators of viability during viral 
infection and senescence in the prasinophyte Ostreococcus tauri 
3.1. Introduction 
 
Viral infection, leading to host cell lysis, is an important regulator of phytoplankton 
communities (Bratbak et al. 1993, Kirchman 1999, Brussaard 2004) and can influence bloom 
dynamics (Baudoux et al. 2008). Viral infection is also an important process in the biological 
pump (Suttle 2007) and the microbial carbon pump (Jiao et al. 2010). 
 
 
3.1.1. Marine viruses of phytoplankton   
 
 Viruses affect carbon cycling 3.1.1.1.
Viruses are thought to be responsible for the release of one quarter of photosynthetically fixed 
carbon into the water column (Fuhrman 1999, Suttle 2007). Induced by viruses, cell lysis alters 
the pathways of carbon through the biological pump (Suttle 2007) and microbial carbon pump 
(Jiao et al. 2010), i.e. processes leading to the sequestration of carbon, in the form of sinking or 
transported particulate organic matter (POM), and recalcitrant dissolved organic material (R-
DOM) respectively. These processes both affect the atmospheric concentration of carbon 
dioxide.  
 
Viruses redirect the flow of carbon and nutrients away from the higher trophic levels, back into 
the pool of dissolved and particulate organic matter, a process known as the viral shunt 
(Wilhelm and Suttle 1999, Suttle 2005) (Figure 3.1). Organic material that is released by virally 
mediated cell lysis (a portion of which will be refractory) tends to remain in the surface waters 
for longer and sinks more slowly. In the surface waters most of this P-D-OM will be converted 
to dissolved inorganic constituents (Gobler et al. 1997, Middelboe and Lyck 2002) by bacterial 
respiration and solar radiation (Fuhrman 1992, Fuhrman 1999, Wilhelm and Suttle 1999). Viral 
lysis can liberate phytoplankton growth limiting elements that are in complex with organic 
molecules, for example iron (Poorvin et al. 2004). Ultimately, viral action can increase the 
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efficiency of the biological pump by altering the proportion of C that is exported, relative to the 
nutrients that limit primary production (Suttle 2007). Therefore viral infection is important for 
the global C and N cycles. Viral infection can also increase the sinking rate of infected cells, as 
measured in Heterosigma akashiwo (Lawrence and Suttle 2004), which is large (18-34 µm) 
compared to O. tauri (~1 µm). 
 
Figure 3.1. Viruses enhance the flow of carbon and nutrients from phytoplankton to 
heterotrophic bacteria by causing lysis of cells and shunting the pool of dissolved and 
particulate organic matter (P-D-OM). Original diagram taken from Suttle (2005); additions are 
marked in orange and represent the production of recalcitrant DOM (R-DOM) via processing by 
heterotrophic bacteria and Archaea, which can persist in the water column for millennia (Jiao et 
al. 2010). 
 
 
 Viruses affect phytoplankton diversity 3.1.1.2.
Viruses affect phytoplankton community composition by several mechanisms: 1. The release of 
nutrients due to virus-induced cell lysis facilitates growth of particular phytoplankton taxa. 2. 
Horizontal gene transfer can result in new genetic traits in species, which are affected by natural 
selection (Suttle 2007). 3. Viruses affect phytoplankton diversity more directly as vectors of 
death, as host-virus interactions are species-, and sometimes strain-specific (Weinbauer and 
Rassoulzadegan 2004). A model describing viral control of diversity, the “Kill the Winner” 
model (Suttle 2007) depends on viral infection of the most abundant groups (Murray and 
Jackson 1992), however its translation to natural systems is as-yet unresolved (Suttle 2007). 
Viruses can terminate phytoplankton blooms (Vardi et al. 2012), however viral infection of a  
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bloom does not always result in complete termination (Waterbury and Valois 1993), due to 
diversity within the host species. Individuals within a population can have differing levels of 
resistance, by either carrying genes that affect susceptibility/resistance, or by the action of 
infection causing a shift in phenotype which enhances resistance (Thomas et al. 2011). Partial 
resistance to viral infection has been measured in O. tauri PCC745 populations infected with 
virus OtV5 (Thomas et al. 2011).  
 
 
3.1.2. Phytoplankton senescence due to nutrient limitation 
 
Phytoplankton blooms can also be terminated by environmental limitation (Lancelot 1983), i.e. 
senescence (see section 1.3.3 for definition). Death due to environmental limitation eventually 
results in cell lysis and the release of dissolved organic carbon, the same fate as cells lysed by 
viral action (Veldhuis et al. 2001). Commonly, phytoplankton growth in the surface ocean is 
limited by inorganic nutrient availability, e.g. nitrogen in the low latitudes, and iron in the 
upwelling regions (Moore et al. 2013). Population viability (described in section 1.3.2) in mixed 
phytoplankton assemblages is reduced when nutrient availability is low (Agustí 2004, Alonso-
Laita and Agustí 2006, Hayakawa et al. 2008, Lasternas et al. 2010, Llabrés et al. 2010). 
Moreover, due to an increased proportion of dying cells in areas of low nutrient availability, the 
proportion of photosynthetic carbon that is released as DOC is increased and thus POC is 
decreased (Agustí and Duarte 2013). Hence, in the oligotrophic ocean phytoplankton mortality 
is basal to understanding carbon flow (Agustí and Duarte 2013).  
 
Nutrient limitation has been used previously to induce senescence in algal cultures. In such 
studies the nutrient responsible for senescence is either measured (Berges and Falkowski 1998) 
or deduced through “add-back” experiments, where nutrients are added to cultures in stationary 
phase and monitored for growth (Franklin et al. 2012).  The nutrient which is causing 
phytoplankton growth limitation can also be deduced by comparing the proportions of the major 
nutrients with their predicted use with reference to the Redfield Ratio (Guillard and Ryther 
1962).   
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3.1.3. Description and importance of Ostreococcus 
 
Picoeukaryotes are particularly important primary producers in the open ocean (Grob et al. 
2011) and have a relatively high rate of carbon fixation (Li 1994, Worden et al. 2004). They are 
also generally abundant in the world’s oceans; in the Western English Channel (UK) at time 
series station L4 (50.150°N; 4.130°W) during 2012, picoeukaryotes represented the majority of 
the eukaryote phytoplankton assemblage throughout the year (Figure 3.2). Picoeukaryotes are  
particularly susceptible to death caused by UV radiation (Llabrés and Agustí 2006) and 
hydroxyl radicals (Llabrés et al. 2012). 
 
O. tauri is the smallest (0.8-1.3 µm, Marin 2014) known free living eukaryote (Chrétiennot-
Dinet et al. 1995), and by size class is a picoeukaryote (< 3 µm). It is a naked coccoid cell 
without cell wall or flagella, contains 1 chloroplast, and belongs to the class Prasinophyceae. 
Ostreococcus has an extensive distribution and has been found in coastal seas, the oligotrophic 
North Atlantic, the Mediterranean, and the Indian and Pacific Oceans (Worden et al. 2004, Zhu 
et al. 2005, Countway and Caron 2006), from the surface to 120 m depth (Worden et al. 2004). 
Hence Ostreococcus is an important and relevant genera to study.  
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Figure 3.2. Eukaryotic phytoplankton community at time-series station L4 (50.150°N; 4.130°W) 
in 2012, averaged across depths 0.2, 10, 25 and 50 m (n=12), determined by flow cytometry 
(See methods chapter 7.3.3.1 for details). Raw data provided by Glen Tarran (PML). The 
average population densities of picoeukaryotes (□) and other eukaryotes (■), including 
coccolithophores, dinoflagellates, cryptophytes, Phaeocytis and other nanoeukaryotes are 
shown. The average percentages of picoplankton in the eukaryotic community are also shown 
(o) as mean ± SE (n=12). 
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3.1.4. Comparing viral lysis to senescence 
 
Although the fate of carbon released from phytoplankton which have undergone virally and 
environmentally induced cell death is the same, the pathways which lead from healthy 
functional cells to cell particles are different (Veldhuis et al. 2001, Derelle et al. 2008, Vardi et 
al. 2012). Hence timings of disruption to photosynthesis, loss of homeostasis and loss of cell 
membrane integrity will be different during these pathways. The alteration products of 
chlorophyll a may present novel insight into these death processes, in particular the early 
oxidation products (allomers) of chlorophyll a (Bale et al. 2013). 
 
Current knowledge of the effects of viral infection versus senescence on photopigments is 
limited to two studies of Emiliania huxleyi (Llewellyn et al. 2007, Bale et al. 2013). In the later, 
more detailed study, more chl-a allomer was found in virally infected cells, than in senescent 
cells  (Bale et al. 2013). Information about chlorophyll alteration during viral infection in 
species other than E. huxleyi is lacking. Therefore, in this study death-induced changes in 
allomer production were assessed in the ecologically important picoeukaryote Ostreococcus 
tauri.  
 
Thus, indicators of viability, including allomer production, ROS production and membrane 
permeability, were assessed during death by two modes. Assessment was made in cultures of 
the picoeukaryote Ostreococcus tauri, monitored during a carefully controlled viral lysis event 
and through a complete population growth cycle: from exponential growth phase (population is 
increasing exponentially), through stationary phase (where population growth is approximately 
equal to loss), to population decline due to environmental limitation (senescence, see 
Introduction chapter I, section 1.3.4). The main objective of this study was to compare 
chlorophyll a allomer production in environmentally limited and virally infected phytoplankton 
cells. The timing of the production of allomers was compared to the timing of loss of membrane 
permeability and increases in reactive oxygen species beyond the buffering capacity of the cells. 
Hence, this enabled comparison of the physiological and chemical changes during viral 
infection and senescence.  
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3.2. Experimental Outline 
 
To study the alteration products of chlorophyll a during death by viral lysis, an established 
host/virus culture system was used; Ostreococcus tauri (RCC745) and Ostreococcus tauri virus 
5 (OtV5), a lytic virus. Both host and virus were originally isolated from Bages Lagoon, France 
in 2006 (Derelle et al. 2008). Six replicate O. tauri cultures were grown in 5 L glass, conical 
flasks containing 1 L of artificial seawater (ESAW recipe) (Harrison and Berges 2005) enriched 
with F/2 nutrients  (for further details see Methods chapter 7.1.3), under controlled temperature 
and light conditions (see chapter 7.1.2.3). Three of the exponentially growing cultures (with 
growth rate µ ≥0.69 d-1, measured by flow cytometry) were infected with freshly prepared 
(chapter 7.1.2.1) OtV5 lysate (Figure 3.3) at a host to virus ratio of 1. The triplicate non-infected 
flasks were primed with an equivalent volume of ESAW creating the controls. These non-
infected flasks proceeded though a population growth cycle of growth, stationary phase and 
decline, creating the senescence study.   
 
Samples were taken daily at 09:00 h, immediately followed by measurement of maximum 
quantum efficiency of PSII photochemistry (chapter 7.2.1) (Fv/Fm; 15 min dark acclimation, 
Kromkamp and Forster, 2003) . Population density (chapter 7.2.2), uptake of SYTOX-Green 
(membrane permeability, chapter 7.2.3) and uptake of CM-H2DCFDA (5-and-6-chloromethyl-
2’,7’-dichlorodihydrofluorescein diacetate, reactive oxygen species, chapter 7.2.4) were 
determined by flow cytometry (using an Accuri C6). Daily samples were also collected for 
pigment analysis (7 – 50 mL, see chapter 7.6.1.1) and samples were fixed for quantification of 
virus particles (chapter 7.2.5). The populations were monitored daily (Figure 3.3) until virus 
addition and twice daily thereafter. Sampling of the OtV5-infected flasks ceased after the 
population had crashed (day 6). The non-infected flasks were sampled daily until their 
population density began to decline (day 17).  
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Figure 3.3. Schematic diagram of Ostreococcus tauri and OtV5 culture experiment including 
set-up, sampling frequency and sampling volumes. 
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3.3.  Results and Discussion of O. tauri microcosm study 
 
3.3.1. OtV5-infected cultures; physiological indicators 
 
 O. tauri/OtV5 infection cycle 3.3.1.1.
The growth curves of all six Ostreococcus tauri cultures demonstrated exponential growth from 
day 1 onwards, defined as growth rate (µ) greater than or equal to 0.69 per day (Figure 3.4.A). 
The virus OtV5 was applied to triplicate flasks after 3 days of exponential growth (µ = 1.05 ± 
0.03 d
-1
, mean ± SE, n=3). The population density of the infected cultures began to decrease 
between 12 and 24 hours post-infection (hpi) and the non-infected cultures continued in 
exponential growth (Figure 3.4.A). Virus numbers had increased by 80 000 fold, by 12 hpi as 
evident by the increase in virus particles (Figure 3.3.A). However, the major cell lysis event co-
occurred with the major OtV5 increase, between 24 and 36 hpi, when the O. tauri population 
declined by 93.4±2.0% (mean ± SE). During this time viral numbers peaked at 9.13±0.18 x 10
8
 
mL
-1
 (Figure 3.4.A).  
 
The timing of the  infection cycle of O. tauri and OtV5 is consistent with previous work by 
Derelle et al. (2008). More frequent sampling by Derelle et al. (2008) revealed an increase in 
OtV5 numbers at 8 hpi during which time the O. tauri population continued to grow. OtV5 
numbers were seen to increase most rapidly between 16 and 20 hpi, before the major O. tauri 
decrease (~20 hpi) (Derelle et al. 2008). The slight lag in major OtV5 increase in the present 
study compared to that reported by Derelle et al. (2008), may be due to differences in 
experimental conditions, such as frequency of agitation or light environment, i.e. continuous 
light (Derelle at el., 2008) versus the 16 h/8 h, light/dark cycle applied in this study. However 
host-virus systems are evolutionarily very dynamic (Suttle 2007) and hence changes in the 
timings of infection events is not unexpected. 
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Figure 3.4. Ostreococcus tauri RCC745 cultures infected with virus OtV5 and non-infected 
controls: (A) Population densities of O. tauri and virus OtV5, (B) maximum quantum efficiency of 
PSII photochemistry (Fv/Fm), (C) SYTOX-Green (for membrane permeability) and CM-H2DCFDA 
(for intracellular reactive oxygen species) staining, insert displays % of cells stained with CM-
H2DCFDA, on a smaller scale (0 to 1%); and (D) Chlorophyll a content per cell. Mean and SE 
bars shown (n=3), - - - indicates time of virus addition. 
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 Fv/Fm during O. tauri/OtV5 infection 3.3.1.2.
The O. tauri population density began to decline by 24 hpi, which coincided with a decrease in 
Fv/Fm, the maximum quantum efficiency of PSII photochemistry (Figure 3.4.B). At this time 
Fv/Fm of infected cultures reduced by 8 %, from 0.643±0.004 to 0.590±0.005 (mean ± SE). This 
decrease indicated that the photosynthetic apparatus was disrupted during viral infection, prior 
to cell lysis. Fv/Fm also decreased 24 hpi during viral infection of E. huxleyi (Evans et al. 2006). 
Typically, during viral infection of phytoplankton, photosynthesis is inhibited through the loss 
of PSII electron transport efficiency (Teklemariam et al. 1990, Seaton et al. 1995). The degree 
of depression depends on the timing in the viral cycle, and is species specific (Waters and Chan 
1982, Suttle et al. 1990, Suttle and Chan 1993, Juneau et al. 2003). 
 
By 36 hpi, the remaining O. tauri population had a decreased Fv/Fm of 0.49±0.012, which is 
26.8±1.8% lower than the Fv/Fm of the control cultures. Chlorophyll a content per cell 
significantly increased in infected flasks 36 and 48 hpi, compared to non-infected flasks (Figure 
3.4.D), by 195±44% and 1634±660% respectively. A small surviving population of O. tauri 
began to regrow on day 7 as found previously (Thomas et al. 2011), accounting for the residual 
photosynthetic capacity evident from the increase in Fv/Fm from day 5 (Thomas et al. 2011). 
 
 
 Staining for membrane permeability during O. tauri/OtV5 infection 3.3.1.3.
Simultaneously, with the major O. tauri cell decline and reduction in Fv/Fm (24 hpi), the 
proportion of cells positively stained with SYTOX-Green (SYTOX-positive, indicating 
permeable plasma membranes) in infected cultures was significantly increased above the non-
infected control cultures (4.49±0.41% from 0.18±0.01%).  By 36 hpi (day 4.5) more than 90% 
of the O. tauri population had lysed; of the population that remained 52.5±4.5% were SYTOX-
positive, indicating an increase in the proportion of cells with permeable membranes.  
 
As OtV5 does not degrade the host’s chromosomes before lysis (Derelle et al. 2008), there is 
opportunity for the nucleic acid stain SYTOX-Green to bind to the DNA during viral infection. 
However, lysis may occur quickly, with only a brief window when plasma membranes are 
compromised but cells are still relatively intact i.e. SYTOX-positive.  
 
SYTOX-Green has not been previously applied to virally-infected O. tauri cultures, however a 
similar level of SYTOX-positive cells (60%) were detected during viral infection of Phaeocystis 
pouchetii (Brussaard et al. 2001), compared to the maximum percentage of virally-infected       
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O. tauri in the present study (52.5±4.5%). SYTOX-staining results were also similar in virus 
(MpV-UF10-38-)-infected Micromonas pusilla, where a maximum of ~60% of cells were 
SYTOX-positive during viral infection (Brussaard et al. 2001). These studies indicate that 
whilst SYTOX-Green is clearly capable of detecting the loss of viability associated with viral 
infection, the rapidity of the process may mean that not all the cells destined to die are detected. 
This is reinforced by the consistency of the maximum percentage of SYTOX-positive cells 
detected between studies of different sampling intensities. Even in the M. pusilla study, where 
sampling intensity was once every 2 to 6 h, the maximum percentage of SYTOX-positive cells 
(Brussaard et al. 2001) was not higher than detected with a sampling intensity of once every 12 
hours (as for O. tauri). 
 
SYTOX-Green has also  been applied to natural mixed picoplankton communities in the North 
Sea (Baudoux 2007). Mortality due to viral infection was detected at several of the sampling 
stations. At these specific stations, the percentage of SYTOX-positive cells within the 
picoeukaryote populations varied from ~5% to a maximum of ~85% (Baudoux 2007). The 
ability to detect this high maximum percentage of stained cells may be due to several different 
environmental effects such as light level and composition. The maximum rate of mortality due 
to viral lysis was 0.23 (Baudoux 2007). This low rate of lysis may also have enhanced the 
detection of SYTOX-positive cells. 
 
 
 Staining for reactive oxygen species during O. tauri/OtV5 infection 3.3.1.4.
Only modest percentages of cells with elevated (un-scavenged) cellular reactive oxygen species 
(CM-H2DCFDA-positive) were detected during this study. However, after viral addition, the 
percentage of CM-H2DCFDA-positive cells was significantly increased relative to the non-
infected flasks (Mann-Whitney U=4.5, P<0.05). The percentage of CM-H2DCFDA-positive 
cells increased over time in infected cultures to a maximum on day 5 of 0.72±0.14% (Spearman 
rank; R=0.714, P<0.05, Figure 3.4.C), which was a 722±154% increase.  
 
CM-H2DCFDA has been used previously to detect elevated intracellular reactive oxygen 
species levels during E. huxleyi viral infection (Evans et al. 2006, Vardi et al. 2012), where the 
fluorescent intensity of the probe inside cells was approximately doubled compared to non-
infected cells. In E. huxleyi the increase in un-scavenged intracellular ROS was delayed until the 
latter part of culture decline, and was therefore associated with disruption to the cell caused by 
the virus. As ROS did not increase directly after infection of the E. huxleyi culture, but only 
from 48 hpi, during the late lytic phase of infection, it was deduced that ROS production was 
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not a defensive mechanism and was thought to indicate that ROS was necessary for viral 
replication (Evans et al. 2006). ROS production has been linked to viral infection of E. huxleyi 
populations elsewhere (Bidle et al. 2007, Vardi et al. 2009) and recent evidence suggests 
virally-induced E. huxleyi death is mediated by viral sphingolipid-induced ROS production 
(Bidle and Vardi 2011, Vardi et al. 2012).  
 
Increased ROS has also been associated with viral infection of natural coccolithophore 
populations; with a maximum of 40% of cells CM-H2DCFDA-positive during the late lytic 
phase of viral infection (Vardi et al. 2012). Thus, it is surprising that only <1% of the virally 
infected O. tauri population was CM-H2DCFDA-positive during this study. The staining 
concentration and incubation conditions used by Vardi et al. (2012) was the same as in the 
present study (O. tauri). However, this low level of staining may be due to differences in the 
host species, or in the infection process in the different host/viral systems, or may be a short 
coming in the sensitivity of the fluorescent probe used.  
 
This is the first application of CM-H2DCFDA to a picoeukaryote culture. The CM-H2DCFDA 
staining concentration and incubation conditions were optimised for response in O. tauri 
cultures before use (see methods chapter 7.2.4 for details). The CM-H2DCFDA-positive control 
used for optimisation was O. tauri culture exposed to H2O2. This resulted in a ROS 
concentration much higher than occurs naturally in the cell. Hence, although the staining 
conditions were optimised before use, the probe sensitivity may not have been adequate to 
detect changes of un-scavenged ROS inside the O. tauri cells. Hydroxyl radicals react very 
rapidly and it is not known when during the O. tauri/OtV5 infection cycle that un-scavenged 
ROS is maximum.  
 
Intracellular ROS is expected to increase after viral infection via several mechanisms. As a 
defensive response to infection, some cells rapidly accumulate ROS (Doke 1985), which 
damages the pathogen (De Gara et al. 2003). ROS production above scavenging capabilities 
may also be linked to disruption to photosynthesis (Montalbini and Lupattelli 1989).  The 
production of ROS has been linked with viral replication in some plant systems (Schwarz 1996), 
as in E. huxleyi (Evans et al. 2006).  
 
Reaction centres PSI and PSII are a major generation site of photo-produced ROS, the 
production of which are affected by physiological and environmental factors (Asada 2006). 
ROS production increases during disruption to the electron transport chain. Viral infection has 
been shown to affect electron flow between PSII and PSI (Seaton et al. 1995). Therefore, it can 
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be speculated that the decreased Fv/Fm during viral infection of O. tauri was caused by increased 
ROS production during viral-infection via either destabilisation of PSII turnover (Balachandran 
et al. 1997) or stimulation of ROS production required for viral replication (Vardi et al. 2012), 
as has been suggested previously for virally-infected E. huxleyi populations (Kimmance et al. 
2014). 
 
 
 
3.3.2. Physiological indicators during O. tauri growth and senescence 
 
 O. tauri batch culture growth and death 3.3.2.1.
Prior to the study the O. tauri was closely monitored and kept growing in semi-continuous batch 
culture with a specific growth rate (µ) between 0.3 and 0.7 d
-1
. These (non-infected) O. tauri 
populations increased with exponential growth rates between days 1 and 3. Between days 3.5 
and 5.5 growth rates were reduced but remained above µ=0.1 d
-1
 (Figure 3.5.A). Thereafter 
growth rates reduced further but stayed positive until day 16.  The growth rates of the triplicate 
flasks all became negative on day 16 (-0.12±0.005 d
-1
), when population density started to 
decline (Figure 3.5.A) and hence the population entered senescence phase. Negative growth 
rates indicated that cell lysis was occurring at a rate faster than cell division.  
 
Assuming cells used nutrients according to the Redfield ratio; by calculation phosphate was 
potentially the initial nutrient to become limiting, as F/2 media has an N:P ratio of 24:1(Guillard 
and Ryther 1962). 
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Figure 3.5. (A) Population density, specific growth rate (µ, d
-1
), (B) maximum quantum 
efficiency of PSII photochemistry (Fv/Fm) and chlorophyll a content per cell, (C) SYTOX-Green 
(for membrane permeability) and CM-H2DCFDA (for reactive oxygen species) staining of 
triplicate Ostreococcus tauri batch cultures during growth, stationary and senescent phases. 
Mean and SE bars shown (n=3). 
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 Chlorophyll a content and Fv/Fm during O. tauri senescence 3.3.2.2.
The O. tauri population showed an increase in its chlorophyll a quota from 2.04±0.51 to 
4.81±1.05 fg cell
-1
 between days 0 and 20 and with a further increase to 36.2±6.3 fg cell
-1
 by 
day 29 (Figure 3.5.B). At the end of the study on day 29, the small remaining population had 18 
times more chlorophyll a per cell than cells in the exponential growth phase (on day 1). As 
Ostreococcus sp. RCC410  is known to respond to nutrient limitation (N) and starvation (P) by 
increasing its chlorophyll content (Kulk et al. 2013), there is evidence to suggest that the cells in 
the present study were nutrient limited. A difference in cellular chl-a content is also expected 
under altered light conditions, however by day 29, population density was low and the 
remaining cells were not self-shaded. The huge difference in chlorophyll concentration per cell, 
between cells in exponential growth and stationary phase to senescent cells (day 29), is 
confirmation of the physiological range that can occur within O. tauri cells. 
 
Photosynthetic efficiency (Fv/Fm), declined gradually after the population growth rate slowed on 
day 6 (Figure 3.5.B). Fv/Fm then declined from 0.650±0.002 in stationary phase to 0.57±0.003 in 
senescent phase. This is comparable to the decline of Fv/Fm in P limited Ostreococcus cultures 
from ~0.60 to ~0.55 (Kulk et al. 2013). In the same study N limitation had a greater effect on 
Fv/Fm, which declined from ~0.6 to ~0.4. We therefore assume the decline in O.tauri cultures 
(non-infected), after day 16, was due to phosphate limitation (Figure 3.5.A).  
 
 
 Membrane permeability during O. tauri senescence 3.3.2.3.
SYTOX-Green staining, indicating the proportion of cells with permeable membranes (i.e. non-
viable cells) increased from day 10 and peaked on day 12, before declining (Figure 3.5.C). After 
the onset of population decline, the number of SYTOX-positive cells increased again (on day 
20) as the cultures entered the senescent phase. The percentage of SYTOX-positive cells 
reached a maximum on day 29, of 17.8±0.8%. 
 
Previously, SYTOX-Green was applied to Ostreococcus sp. RCC410 cultures under nutrient (N 
or P) starvation (Kulk et al. 2013). The viability of nutrient starved cultures was not reduced and 
was reported as 99.0±0.4% (Kulk et al. 2013). SYTOX-Green has also been applied previously 
to unidentified picoeukaryotes as part of mixed natural assemblages (Veldhuis et al. 2001, 
Baudoux et al. 2008). A previous study reported SYTOX-Green staining of up to 50% of the 
picoeukaryote community from a North Atlantic station (37±45°N and 23°W; Veldhuis et al. 
2001) in a population that was likely composed of Ostreococcus, Micromonas, or a mixture of 
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the two (Veldhuis et al. 2001). Similarly, between 1 and 85 % of the picoeukaryote cells in a 
mixed assemblage from the North Sea were stained with SYTOX-Green (Baudoux et al. 2008). 
These applications of SYTOX-Green to natural communities highlight the variability in the 
viability of natural phytoplankton communities.    
 
The maximum percentage of SYTOX-positive cells detected during O. tauri senescence 
(17.8±0.8%) is low compared to that measured in mixed communities of picoeukaryotes 
(Veldhuis et al. 2001, Baudoux et al. 2008). The same concentration of SYTOX-Green was 
used in all of these studies but incubation times varied, from 10 min in the present O. tauri 
study, through 15 min (Baudoux et al. 2008), to 1 h (Veldhuis et al. 2001). The different 
stressors of the natural environment for example, light intensity and composition may affect the 
deterioration of cells and hence the percentage that would be SYTOX-positive.  
 
 
 Staining for reactive oxygen species during O. tauri senescence 3.3.2.4.
Only modest percentages of cells with elevated (un-scavenged) cellular reactive oxygen species 
(CM-H2DCFDA-positive) were detected during O. tauri growth and senescence. However, CM-
H2DCFDA-positive cells, peaked at the onset of population density decline (day 15) at 
8.5±1.6%. After the onset of population decline, the number of CM-H2DCFDA-positive cells 
increased again (on day 17) as the cultures entered the senescent phase. This peak in reactive 
oxygen species before population decline has also been detected in the diatom Thalasiosira 
oceanica (Steele, unpublished). 
 
CM-H2DCFDA-positive cells only represented a small percentage of the total O. tauri 
population. The stains were optimised before use, with particular attention to improving the 
discrimination between positive and negative controls (Davey 2011) (see methods section 7.2.4 
for details), however, the probe response remained very limited. This may be due to variability 
between individuals within the population, in their production of ROS or ability to scavenge 
ROS. 
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3.3.3. Assignment of chlorophyll alteration products 
 
Pigment extracts from OtV-infected Ostreococcus tauri cultures and non-infected cultures were 
analysed for chlorophyll alteration products. Assignments of chlorophyll a and chlorophyll b 
were made by comparison of their retention times to standards and comparison of UV/vis 
absorption spectra and major ions observed during MS analysis to published data (Table 3.1, 
Zapata et al., 2000). The extracts gave rise to several peaks which eluted in the region expected 
for chlorophyll allomers, prior to chlorophyll a (peak IX, Figure 3.6, Walker et al., 2002), with 
UV/vis absorption spectra consistent with chl-a allomers (Table 3.1, Franklin et al., 2010). An 
array of peaks exhibiting chlorin-like UV/vis spectra were also detected eluting prior to chl-b 
(Peak V, Figure 3.6). 
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Figure 3.6. Partial HPLC-
PDA chromatogram (660 
nm) showing elution 
position relative to chl-a 
(IX) and chl-b (V) of 
chlorophyll alteration 
products detected in (A) 
OtV5-infected O. tauri 
cultures 48 hours post-
infection (day 5), (B) 
growing non-infected 
cultures on day 5 and (C) 
senescent non-infected 
cultures on day 29. For 
peak assignment see 
Table 3.1. 
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Table 3.1. Peak assignment from 660 nm chromatogram resulting from HPLC separation of 
Ostreococcus tarui pigment samples. 
Peak no. Main UV/vis absorption bands (nm) Assignment 
I 427, (462), 653 Methoxychlorophyll a-like allomer* 
II 430, 481, 658 Hydroxychlorophyll a-like allomer* 
III 430, 660 Hydroxychlorophyll b 
IV 430, 660 Hydroxychlorophyll b’ 
V 460, 648 Chlorophyll b 
VI 430, 663 Chlorophyll aP276 
VII 420, 663 Hydroxychlorophyll a 
VIII 430, 663 Hydroxychlorophyll a 
IX 430, 663 Chlorophyll a 
* tentative assignments 
 
 
 Assignment of peak I 3.3.3.1.
Peak I eluted at 30.1 min (Figure 3.6.A) and was present only in pigment extracts from the 
OtV5-infected cultures; it was not detected at any time in the non-infected cultures. Peak I had 
UV/vis absorption spectra with maxima at 427 nm and 653 nm and a secondary absorption band 
at 462 nm (Table 3.1). During LC/MS, ions associated with peak I were determined as those 
that had maximum intensities coincident with the UV/vis absorption maximum at 660 nm for 
the peak. This approach was particularly relevant for peaks I and II, as their low relative 
intensity led to co-eluting ions of significant abundance in the mass spectrum.  
 
Using post column addition of acid to demetalate the chlorins before they entered the mass 
spectrometer, and hence improve their ionisation (Airs and Keely 2000), peak I gave rise to 
major ions at m/z 905 and 873.  In the absence of acid, a major ion at m/z 927 was observed, 
consistent with the mass of component m/z 905 with a central chelating magnesium (+22 Da).  
 
Using post-column acidification, the demetallated ion at m/z 905, on resonance induced 
fragmentation, gave rise to major ions in the MS
2
 spectra at: a) m/z 627 via the loss of m/z 278 
indicating esterification by phytol; b) m/z 567 from m/z 627, via the loss of m/z 60 indicating the 
presence of a CO2Me group [M+H-Mg-phytyl-HCO2Me]
+
; c) m/z 435 and d) minor ions 
including m/z 595 [M+H-Mg-phytyl-MeOH]
+
 (Figure 3.7.A). 
 
 
The MS
2
 spectra of the ion at m/z 873 in full MS gave rise to a major ion at m/z 535 and minor 
ions including m/z 595, 507, 478, 435 and 407 (Figure 3.7. B). The MS
2
 spectra of both of these 
ions (m/z 905 and 873) gave the same pattern of losses (Figure 3.7) but with a mass difference 
Chapter III  O. tauri viral infection and senescence 
~75~ 
 
of 32 Da, indicating that the ion at m/z 873 resulted from the ion at m/z 905 through loss of a 
MeOH group, which is constant with the fragmentation of a methoxy group at position C13
2
 
(Franklin et al. 2012). Both major ions arising from peak I (at m/z 905 and m/z 873), after the 
loses of phytyl and CO2Me, fragmented in the pattern of loss: 28 Da, 28 Da and 72 Da, which 
are common losses of chlorophyll derivatives during MS
n
, indicating that peak I resulted from a 
chlorophyll derived product (Airs and Keely 2002).   
 
The ions at m/z 435 and m/z 407, common to the MS
2
 spectra of both parent ions (Figure 3.7), 
are 2 Da higher than expected for the corresponding macrocycle masses of pyropheophorbide a 
(433) or pyro methoxychlorophyll a (405). However the demetallated mass of MeO-chl-a (m/z 
901) is 4 Da heavier than the major ion at m/z 905. The component is therefore assigned as a 
methoxychlorophyll a-like allomer (MeO-chl-a-like). 
 
 Figure 3.7. MS
2
 spectra of ions; A. m/z 905 and B. m/z 873 resulting from peak I in OtV5-
infected Ostreococcus tauri pigment extract. 
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 Assignment of peak II  3.3.3.2.
Peak II gave rise to a UV/vis absorption spectrum with maxima at 430 nm and 658 nm, as 
expected for a chl-a allomer but with an additional absorption band at 481 nm (Table 3.1). From 
LC/MS analysis with post-column acidification, peak II gave rise to one major ion at m/z 887 
[M+H-Mg]
+
. The MS
2
 spectra of the ion at m/z 887 contained a major ion at m/z 593 (Figure 
3.8), corresponding to a loss of 294 Da. Notably, the phytyl chain of chlorophylls a and b 
usually cleaves at the C-O bond during MS/MS resulting in the loss of a fragment of 278 Da. 
The mass of the entire phytyl constituent is, however 295 Da. It is possible therefore, that peak 
II was a chlorin esterified by phytol, but in such a sterochemical configuration to promote 
fragmentation via the loss of 294 Da instead of 278 Da. Notably, the MS
2
 spectrum shows a less 
abundant ion at m/z 609, arising from the loss of 278 Da from the parent ion, providing support 
for the assignment of phytol as the esterifying alcohol, and indicating that both fragmentation 
mechanisms were taking place. It is important to note that the relative intensity of the MS
2
 
spectrum was low, and therefore the spectrum must be interpreted cautiously. Other 
fragmentations indicate the presence of a CO2Me group (60 Da loss to produce an ion at m/z 
533), and HO-substituent (18 Da loss to produce an ion at m/z 575), consistent with a 
hydroxychlorophyll a structure. The component is therefore tentatively assigned as a 
hydroxychlorophyll a-type structure with unusual stereochemistry. Hence peak II remains an 
unidentified hydroxychlorophyll a-like allomer (HO-chl-a-like). 
 
MS
2
: m/z 887
m/z
400 450 500 550 600 650
R
e
la
ti
ve
 I
n
te
n
s
it
y
0
103
2x103
3x103
4x103
5x103
533
549
575
593
609
461
473
421
-72 -60
-60
-18 -278
(from 887)
-294
(from 887)
 
Figure 3.8. MS
2
 spectra of the major ion at m/z 887 resulting from peak II in OtV5-infected 
Ostreococcus tauri pigment extract. 
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 Assignment of peaks III and IV 3.3.3.3.
Peaks III and IV eluted in the region expected for chlorophyll b allomers, directly prior to chl-b, 
however their UV/vis maxima were as expected for chlorophyll a allomers, with maxima at 430 
nm and 660 nm, and not consistent with chl-b allomers (Hyvärinen and Hynninen 1999). This 
may be due to differences in the solvents used in the present study (methanol dominated) and 
those used for analysis of chl-b allomers by Hyvärinen and Hynninen (1999) (hexane 
dominated), which is known to affect the UV/vis spectra of pigment extracts (Roy et al. 2011). 
 
Both peaks III and IV gave rise to majors ion at m/z 901 (with post-column addition of acid) 
which corresponded to [M+H-Mg]
+
 for 13
2
-hydroxychlorophyll b (Table 3.2). The MS
2
 spectra 
of the ion at m/z 901 gave rise to major ions at m/z 883 and 605 which corresponded to [M+H-
Mg-C20H38]
+
, [M+H-Mg-H2O]
+
 and [M+H-Mg-H2O-C20H38]
+
 respectively. These losses of 18 
Da correspond to H2O, which is typical of hydroxy components (Hyvärinen and Hynninen 
1999, Walker et al. 2003). Peaks III and IV were assigned as 13
2
-hydroxychlorophyll-b and its 
epimer. The assignment of these peaks as hydroxychlorophyll b allomers highlights the 
importance of confirming assignments with LC/MS/MS as the UV/vis spectrum alone can be 
misleading. Although the UV/vis spectra of peaks III and IV were strong, the possibility that the 
UV/vis spectra detected arose due to chl-a-like co-elutions cannot be ruled out. 
 
 Assignment of peak VI 3.3.3.4.
Peak VI had UV/vis absorption spectra as expected for a component structurally similar to chl-a 
(Airs et al. 2001a) (Table 3.1). From LC/MS/MS with post-column addition of acid, peak VI 
gave rise to a major ion at m/z 869 corresponding to [M+H-Mg]
+
 (Table 3.2). On resonance 
induced fragmentation, the ion at m/z 869, gave rise to m/z 593 in the MS
2
 spectrum (Table 3.2), 
equating to a loss of 276 Da indicating an extra double bond in the phytyl chain. The component 
at peak VI is therefore identified as a biosynthetic precursor to chlorophyll a (Rüdiger 2006), 
chlorophyll aP276. This component has been detected previously in Thalassiosira pseudonana, 
Emiliania huxleyi (Franklin et al. 2012) and Pavlova gyrans (Bale 2010).   
 
 Assignment of peaks VII and VIII 3.3.3.5.
Peak VIII had UV/vis absorption spectrum identical to chl-a (maxima at 430 and 660 nm) 
however, the UV/vis absorption spectrum of peak VII had maxima at 420 and 663 nm. This 10 
nm shift to the blue of the Soret band maxima has previously been associated with HO-chl-a 
(chapter 2.6.1) and MeO-chl-a (Franklin et al. 2012). Peaks VII and VIII both gave rise to major 
ions at m/z 887 and 869, corresponding to [M+H-Mg]
+
 and [M+H-Mg-H2O]
+
 respectively for 
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13
2
-hydroxychlorophyll a (Table 3.2). On fragmentation, a number of ions were observed in the 
MS
2
 spectra consistent with the hydroxychlorophyll a structure (Table 3.2) (Jie et al. 2002). 
Peaks VII and VIII are therefore assigned as 13
2
-hydroxychlorophyll a and its epimer. 
 
Table 3.2. Most abundant ions in MS/MS of allomers eluting before chlorophyll a in O. tauri 
samples. 
Relationship to 
molecular ion 
Structural assignment Peak no. 
I II  III IV V VI VII VIII 
MH [M+H]
+
 927  923 923 907   909 
MH -22 [M+H-Mg]
+
 905 887 901 901 885 869 887 887 
MH -32 [M+H-MeOH]
+
 873        
MH-32-278-60 [M+H-MeOH-C20H38-CO2Me]
+
 535        
MH –22-278 [M+H-Mg-C20H38]
+
 627  623 623   609 609 
MH-22-294 [M+H-Mg-C20H38O]
+
  593       
MH –22-276 [M+H-Mg-C20H36]
+
      593   
MH –22-278-60 [M+H-Mg-C20H38-HCO2Me]
+
 567        
MH –22-276-60 [M+H-Mg-C20H36-HCO2Me]
+
      533   
MH –22-18 [M+H-Mg-H2O]
+
   883 883    869 
MH  –22-18-278 [M+H-Mg-H2O-C20H38]
+
   605 605   591 591 
MH -22-278-18-60 [M+H-Mg-C20H38-H2O-HCO2Me]
+
       531 531 
MH –22-294-18 [M+H-Mg- C20H38O-H20]
+
  575       
MH-278-60 [M+H-C20H38-CO2Me]
+
 567        
MH-278-32 [M+H-C20H38-MeOH]
+
 595        
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3.3.4. Chlorophyll alterations during viral infection versus nutrient limitation 
 
 Chlorophyll b allomers during viral infection of Ostreococcus tauri 3.3.4.1.
Hydroxychlorophyll b (HO-chl-b) and its epimer (HO-chl-b’) occurred in non-infected cultures 
with a HO-chl-b to chl-b ratio of 0.027±0.003. The ratio of HO-chl-b increased relative to chl-b 
during OtV5-infection to a maximum of 0.73±0.06 at 48 hpi (Figure 3.9). The ratio of HO-chl-
b’ to chl-b did not increase above the non-infected culture which may be due to its low 
abundance compared to HO-chl-b. This is the first report of chlorophyll b allomers increasing 
with viral infection. 
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Figure 3.9. Ratios of chlorophyll b allomers to chl-b in OtV5-infected ●, and non-infected , O. 
tauri cultures including (A) hydroxychlorophyll b and (B) hydroxychlorophyll b’. - - - indicates 
time of virus addition. Mean and SE bars shown (n=3). 
 
 
 Chlorophyll a allomers during viral infection of Ostreococcus tauri 3.3.4.2.
Pigment samples from OtV5-infected cultures contained methoxychlorophyll a-like (MeO-chl-
a-like) and hydroxychlorophyll a-like allomers (HO-chl-a-like), evident at 36 and 48 hours 
post-infection (hpi) with average allomer to chl-a ratios of 0.015±0.003 and 0.011±0.002 
respectively (n=6) (Figure 3.10.A&B). The dominant chl-a allomer produced during viral 
infection was hydroxychlorophyll a. HO-chl-a and its epimer reached their maxima of 
0.110±0.008 and 0.08±0.009 respectively (equal to 26–fold and 78–fold increases) at 48 hpi 
(Figure 3.10, C&D), when 99% of the O. tauri population had been lysed by OtV5. At this time, 
non-infected cultures maintained low levels of HO-chl-a of 0.004±0.000.  
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Figure 3.10. Ratios of chlorophyll a allomers to 
chl-a in OtV5-infected ● and non-infected  O. 
tauri cultures including (A) methoxychlorophyll a-
like allomer, (B) HO-chl-a-like allomer, (C) 
hydroxychlorophyll a and (D) hydroxychlorophyll 
a’. - - - indicates time of virus addition. Mean and 
SE bars shown (n=3). 
 
 
Figure 3.11. Ratios of chlorophyll a 
alteration products to chl-a in viral-infected 
● and non-infected  O. tauri cultures 
including (A) chlorophyllide a, (B) chl-aP276 
and (C) pheophytin. - - - indicates time of 
virus addition. Mean and SE bars shown 
(n=3). 
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Hydroxychlorophyll a has been reported previously to increase during viral infection of E. 
huxleyi CCMP 1516 (Bale et al. 2013); presented as an increase of approximately 200%, from  
0.11 to 0.33 fg cell
-1
. The change in the ratio of HO-chl-a to chl-a during E. huxleyi viral 
infection can be calculated as ~0.06 at the beginning of population decline (4 days post 
infection), reducing to ~0.04 after the loss of 94% of the population (16 days post-infection). 
Notably this decline period was 3 times longer than mesocosm studies of E. huxleyi bloom 
infection, which recorded the loss of 95% of the population 5 days after the maximum 
population density (Bratbak et al. 1993, Vardi et al. 2012). Although the E. huxleyi viral 
infection was extended, similar levels of hydroxychlorophyll a (relative to chl-a) were detected 
during viral infection of E. huxleyi as in O. tauri. 
 
Less of the chl-a alteration product chlorophyllide was detected in OtV5-infected cultures, 
compared to non-infected cultures (Figure 3.11.A), at 36 and 48 hpi. The chlorophyll a 
precursor chl-aP276 increased relative to chl-a from 36 hpi from 0.007±0.000 to a maximum of 
0.102±0.008 (Figure 3.11, B), this peak may be due to the re-growth of a small residual, virus-
resistant O. tauri population (Figure 3.4.A), as previously described by Thomas et al. (2011).  
 
Pheophytin increased relative to the non-infected cultures by 36 hpi, up to a maximum of 
0.069±0.001 (n=3), 60 hpi, compared to 0.011±0.001 of non-infected cultures (Figure 3.11, C). 
Pheophytin a also increased in EhV86 infected E. huxleyi cultures, relative to senescent cultures 
during the late stage of population decline, 12 days after addition of the virus (Bale et al. 2013). 
 
Chlorophyll a allomers (relative to chl-a) began to increase above the level of the control 
cultures 24 hpi. This was co-incident with the start of the decline in Fv/Fm and increase in 
SYTOX-positive cells. Hydroxychlorophyll b and pheophytin a began to increase (relative to 
chl-a) later, at 36 hpi. This was still prior to the detected increase in CM-H2DCFDA-positive 
cells which occurred from 48 hpi. Therefore, this data does not suggest a link between an 
increase in un-scavenged cellular reactive oxygen species detected (CM-H2DCFDA-positive 
cells) and production of chlorophyll oxidation products. Interestingly a meso-chlorophyll a 
allomer was found to form in aged cyanobacterial cultures under anoxic conditions (Louda et al. 
2011). However as the ROS detection method used in the present study appeared to have 
limited sensitivity, no definite conclusions can be drawn on the link between ROS and 
chlorophyll allomerization. 
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 Chlorophyll b allomers during Ostreococcus tauri growth and senescence 3.3.4.3.
As well as being detected during viral infection, hydroxychlorophyll b and its epimer were also 
detected throughout the growth (days 0 to 15) and senescence (days 15 to 29) of O. tauri. The 
HO-chl-b to chl-b ratio increased during the senescent phase to a maximum of 0.075±0.013 on 
day 29 (Figure 3.12). This increase is small compared to the maximum HO-chl-b to chl-b ratio 
reached during viral infection (0.73±0.06).  
 
Figure 3.12. Ratios of chl-b allomers to chl-b in growing (days 0 to 15), and senescent (days 15 
to 29) Ostreococcus tauri cultures including (A) hydroxychlorophyll b and (B) hydroxychlorophyll 
b’. Mean and SE bars shown (n=3). 
 
 
 Chlorophyll a allomers during Ostreococcus tauri growth and senescence 3.3.4.4.
All chlorophyll a allomers detected increased relative to chl-a during the senescent phase, 
between days 20 and 29 (Figure 3.13). HO-chl-a and HO-chl-a’ reached maxima of 
0.0074±0.0005 and 0.0072±0.0007 (increases of 2-fold and 7-fold respectively from day 5). 
These levels of the HO-chl-a to chl-a ratio were small compared to maximum levels during 
viral infection (0.110±0.008). An increase in the ratio of hydroxychlorophyll a to chl-a has been 
reported previously during senescence of the diatom Thalassiosira pseudonana (at ratio ~0.05, 
Franklin et al., 2012). Whereas, hydroxychlorophyll a was reported to not increase during 
senescence of E. huxleyi cultures (Franklin et al. 2012, Bale et al. 2013). These study species 
belong to different classes and as such have widely diverse physiology which may affect the 
intracellular processes leading to allomer formation, which may explain the different responses 
observed. The variability in the occurrence and abundance relative to chl-a between taxa (so far 
measured) highlights the challenges in trying to make general predictions for phytoplankton.  
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Levels of chlorophyllide (relative to chl-a) generally increased over the study period (Figure 
3.14.A) from 0.045±0.005 to 0.28±0.06, a 6-fold increase. This was in direct contrast to the 
OtV5-infected cultures, where the chlorophyllide to chl-a ratio was reduced. Chlorophyllide is a 
traditional marker for senescence (Jeffrey and Hallegraeff 1987, Spooner et al. 1994a, Louda et 
al. 1998, Bale et al. 2011). The de-esterification of chl-a to chlorophyllide a by activity of the 
enzyme chlorophyllase is species specific (Jeffrey and Hallegraeff 1987, Louda et al. 1998) and 
known to be formed in low quantities (relative to chl-a) in a few prasinophyte species (Jeffrey 
and Hallegraeff 1987). Tetraselmis chui was found to form chlorophyllide with a chlorophyllide 
to chl-a ratio of up to 0.01 during extraction in acetone. (Jeffrey and Hallegraeff 1987). The 
proportion of chlorophyllide (relative to chl-a) found in O. tauri cells was much greater, up to 
0.28±0.06 during senescence.  
 
Pheophytin a increased only at the late stages of senescence between day 20 and day 29 (Figure 
3.14.C) and maximum levels were low when compared to OtV5-infected cultures. Pheophytin 
a, i.e. demetallated chl-a, is formed under acidic conditions and has been found previously in 
association with senescence of Phaeodactylum tricornutum (Spooner et al. 1994b) and 
Thalassiosira weissflogii (Spooner et al. 1994c) but this is the first such association in a 
prasinophyte species and picoeukaryote. 
 
The component chl-aP276 was found in the highest concentrations relative to chl-a in 
exponentially growing O. tauri, (days 0 to 3, when µ≥0.69, Figure 3.14.B), consistent with its 
assignment as a biosynthetic precursor to chl-a. There was also an increase in the chl-aP276 to 
chl-a ratio between days 20 and 29 which indicates that the remaining O. tauri population was 
increasing its synthesis of chl-a. This is reflected in the increase in chl-a content per cell on day 
29 (Figure 3.4.B) and is expected for nutrient limited (N) or starved (P) Ostreococcus (Kulk et 
al. 2013). 
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Figure 3.13. Ratios of allomers to chlorophyll 
a in growing (days 0 to 15) and senescent 
(days 15 to 29) Ostreococcus tauri cultures 
including (A) hydroxychlorophyll a and (B) 
hydroxychlorophyll a’. Mean and SE bars 
shown (n=3). 
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Figure 3.14. Ratios of chlorophyll a 
alteration products to chl-a in growing (days 
0 to 15) and senescent (days 15 to 29) 
Ostreococcus tauri cultures including (A) 
chlorophyllide a, (B) chl-aP276 and (C) 
pheophytin. Mean and SE bars shown 
(n=3). 
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3.4. Chapter III Conclusions 
  
During this work, indicators of viability were assessed during viral lysis and senescence of 
Ostreococcus tauri. Chlorophyll allomer production was compared during these two modes of 
death, and related to loss of membrane permeability and changes in un-scavenged cellular ROS. 
This work is the most detailed study of chlorophyll alteration to date during viral infection and 
senescence of a cultured phytoplankton.  
 
The unidentified methoxychlorophyll a-like (MeO-chl-a-like) and hydroxychlorophyll a-like 
(HO-chl-a-like) allomers were found solely in association with viral infection of O. tauri and 
not during senescence. These allomers are potentially biomarkers for viral infection in natural 
phytoplankton populations. More work needs to be undertaken with additional cultures to 
chemically assign these components and to assess whether these markers are common across 
strains, species and taxa. This would establish the usefulness of the MeO-chl-a-like and HO-chl-
a-like allomers as biomarkers for viral infection. 
 
Hydroxychlorophyll b (HO-chl-b) was found in O. tauri cells undergoing viral infection and 
senescence. Hydroxychlorophyll a (HO-chl-a) was produced during viral infection of O. tauri, 
starting 24 hours post inoculation (hpi), with a maximum 16-fold increase in the ratio of HO-
chl-a to chl-a, at 48 hpi (day 5). The allomers HO-chl-a and HO-chl-b were the earliest to be 
produced during viral infection, before the major lysis event, closely followed by the MeO-chl-
a-like and HO-chl-a-like allomers. 
 
In the senescent populations, HO-chl-b was the first to increase, just before the decline of the O. 
tauri population, followed by HO-chl-a. Hydroxychlorophyll a was also elevated relative to chl-
a, but to a lesser extent during senescence of O. tauri, compared to viral infection. The 
production of chlorophyll allomers in O. tauri cells during viral infection and senescence are 
clearly different. Therefore, it may be possible for chlorophyll allomers to be used as indicators 
of mode of phytoplankton mortality. However further work using more strains and species is 
required to assess if these differences in allomer production due to mode of mortality are 
preserved across taxa. 
 
During viral infection the percentage of SYTOX-positive cells increased from 24 hpi and ROS-
positive cells increased from 48 hpi. The increase in percentage of cells with permeable 
membranes occurred prior to the increase in allomers (relative to chlorophyll), which was 
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delayed until 36 hpi. Therefore during O. tauri viral lysis, membrane permeability was an 
earlier marker of cell death than chlorophyll allomers. 
 
In the senescence study a clear peak in SYTOX-positive cells occurred on day 12, followed by a 
peak in CM-H2DCFDA-positive cells (day 15), just prior to the start of population decline (day 
16, Figure 3.4). The ratios of chlorophyll allomers to chlorophyll did not increase until the later 
part of population decline (days 20-29). Therefore during O. tauri senescence, membrane 
permeability and increased un-scavenged cellular ROS were earlier markers of cell death than 
chlorophyll allomers.  
 
Although CM-H2DCFDA had a limited response in this O. tauri study, differences were seen 
between infected and non-infected cells. Therefore it would be worthwhile optimising the most 
recent ROS detection method to O. tauri cells. Recently the ROS sensitive probe ′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA, Molecular probes) has been applied, in 
combination with fluorescence microscopy and spectrofluorophotometry, to phytoplankton taxa 
including cyanobacteria (Rastogi et al. 2010, Wang et al. 2011, Rastogi et al. 2014), diatoms 
(Liu et al. 2012a, Xie et al. 2014) and chlorophytes (Liu et al. 2012b) but not to prasinophytes 
This probe also requires cellular esterase activity to fluoresce which may limit its usefulness in 
studies of mortality as esterase activity may also be disrupted during cell death. 
 
This study has exposed some features of the residual O. tauri population after the majority had 
been lysed by viral action. Sampling the surviving population would allow comparison with the 
original; interesting from an evolutionary perspective, but also to compare allomer production. 
If the O. tauri population which survived viral addition was grown and then left to senesce, 
would it produce the MeO-chl-a-like and HO-chl-a like allomers as seen under viral infection of 
the original population? Further, would the immune population produce these allomers in the 
presence of the OtV5 virus? 
 
The allomer hydroxychlorophyll a has been associated with phytoplankton death in  several 
previous incidences in culture studies, i.e. during Thalassiosira pseudonana senescence 
(Franklin et al. 2012) and E. huxleyi viral infection (Bale et al. 2013). Adding the elevated HO-
chl-a during viral infection and senescence of O. tauri measured in this study, elevated HO-chl-
a levels in phytoplankton populations should be considered an early indicator of ensuing death. 
Further, with additional work chlorophyll a allomers may also have the potential to indicate the 
mode of phytoplankton death. 
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Chapter IV 
Field study time series 
Abundance of the oxidation product hydroxychlorophyll a 
and a chlorophyll a precursor during seasonal phytoplankton 
community progression in the Western English Channel 
4. CHAPTER IV : Seasonal changes of chlorophyll a allomers in the Western 
English Channel during 2012 
Aspects of this chapter have been published in: 
Steele DJ, Tarran GA, Widdicombe CE, Woodward EMS, Kimmance SA., Franklin DJ, and 
Airs RL. (2015). Seasonal changes of chlorophyll a allomers in the Western English Channel 
during 2012. Progress in Oceanography. 
 
 
4.1. Introduction 
 
If the detection of allomers is to be useful as an indicator of phytoplankton mortality, allomer 
occurrence and abundance must be assessed in the field, during natural phytoplankton turnover. 
To date, chlorophyll allomers have been measured in the marine environment during discrete 
research cruises (Chapter V, Walker and Keely 2004, Bale 2010) or in marine sediments (Tait et 
al. in review). The seasonality of allomer production with relation to phytoplankton population 
turnover has not been established. 
 
In UK shelf seas, changing environmental conditions throughout the year drive the progression 
of the phytoplankton assemblage through both promotion and limitation of growth. Monitoring 
the phytoplankton assemblage over a yearly cycle allows the measurement of allomers during 
the growth and decline phases of many different phytoplankton groups and individual species.  
When ambient conditions are conducive for growth, phytoplankton species divide rapidly, 
creating blooms. These events are transient and phytoplankton populations decline with altered 
conditions, like environmental limitation (Alonso-Laita and Agustí 2006), viral infection 
(Jacobsen et al. 1996, Brussaard 2004) or zooplankton grazing (Baudoux et al. 2008). In the 
Western English Channel (UK), the productive spring period is typically characterised by a 
rapid depletion of nitrate. The duration of the spring bloom is therefore controlled by nitrate 
availability (Smyth et al. 2010) and its species composition is typically dominated by chain 
forming diatoms (Southward et al. 2004, Widdicombe et al. 2010). Thermal stratification of the 
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water column generally occurs in the summer period and a second bloom of smaller pennate or 
centric diatoms (e.g. Pseudo-nitzschia spp. or Leptocylindrus spp.) is usual (Widdicombe et al. 
2010). A second productive period in autumn is typically induced in September by mixing of 
the water column, replenishing nitrate to the surface waters (Smyth et al. 2010). 
 
The measurement of chlorophyll a allomers and other alteration products over an annual cycle 
may reveal patterns of occurrence linked to seasonal phytoplankton population turnover. 
Analysis of the population growth cycles is aided by the detection of chlorophyll aP276 (chl-
aP276), which is thought to be a precursor in the biosynthesis of chlorophyll a (Bale 2010). 
Although not an allomer, due to its structural similarity, chl-aP276 has previously been detected 
during analysis of chlorophyll a allomers (Franklin et al. 2012). Measurement during a growth 
cycle of the picoeukaryote phytoplankton, Ostreococcus tauri, revealed an association of the 
chl-aP276 to chl-a ratio with population growth rate (Chapter 3). It therefore may be a useful 
proxy for phytoplankton population growth. 
 
This work aimed to resolve the sources of the chlorophyll allomer hydroxychlorophyll a (HO-
chl-a) in water column particulates and surface sediment in the Western English Channel, 
during the seasonal turnover of the phytoplankton assemblage. Changes in particulate pelagic 
allomer abundance (relative to chlorophyll a) were related to temporal changes in phyto- and 
microzooplankton community structure, nutrient concentration, temperature, and light levels. 
 
 
4.2. Material and Methods 
 
4.2.1. Study site and Sampling Protocol 
 
Samples for this study were collected between  9
th
 January and 18
th
 December 2012 and 
analysed as part of the long-term oceanographic and marine biodiversity time series study at the 
Western Channel Observatory (WCO, www.westernchannelobservatory.org.uk), from station 
L4, in the Western English Channel, 10 km south of Plymouth Breakwater, England, UK (50° 
15.00' N, 4° 13.02' W, Figure 4.1). Surface photosynthetically active radiation (PAR) was 
calculated from a hyperspectral irradiance sensor (Satlantic) and monitored continuously from 
an autonomous buoy moored at station L4 (for details see methods chapter 7.3.1). Rainfall 
measurements from Camborne MET station (50° 21.30' N, 5° 3.00' W), ~80 km from station L4 
(Figure 4.1), were accessed from www.metoffice.gov.uk.  
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Water samples were collected weekly (weather permitting) using Niskin bottles (10 L) mounted 
on a rosette and temperature was measured by weekly CTD casts deployed from the Plymouth 
Marine Laboratory vessel, RV Quest. Water samples were collected from 2, 10, 25 and 50 m 
depth and sampled for analysis of nutrients (chapter 7.3.2), pigments from pelagic particulates 
(chapter 7.6.1.2) and surface sediment (chapter 7.6.1.3). Chromatograms obtained by HPLC for 
the routine analysis of pigment samples (Zapata et al. 2000) were re-processed specifically for 
the investigation of chlorophyll alteration products.  
 
Two methods were used to enumerate phytoplankton in different pico-, nano- and 
microplankton size fractions. Firstly, fresh samples from 2, 10, 25 and 50 m depth were 
analysed on an Accuri C6 flow cytometer (for details see methods chapter 7.3.3.1). Cells were 
separated into 7 groups according to their distinct red and orange fluorescence and side scatter 
profiles; Synechococcus, picoeukaryotes, coccolithophores, cryptophytes, Phaeocystis spp. 
single cells, small dinoflagellates (< 20 µm) and other nanoeukaryotes. The flow cytometry data 
for the Phaeocystis spp. single cells and small dinoflagellates are speculative, and relied on 
verification of the significant presence of Phaeocystis spp. or small dinoflagellates by 
microscopy at the same time as the appearance of clusters of events in flow cytometric analysis 
plots. 
 
The second method considered only plankton sampled from 10 m depth which were fixed upon 
collection (see methods chapter 7.3.3.2). Phytoplankton were identified by microscopy to 
species level where possible, following the protocol detailed in Widdicombe et al. (2010) and 
enumerated using the Utermöhl (1958) technique. Autotrophs were divided into 5 functional 
groups; diatoms, coccolithophores, dinoflagellates, Phaeocystis  spp. and phytoflagellates, 
which includes 2-6 µm flagellated chlorophytes and prasinophytes (Holligan and Harbour 
1977). The microzooplankton groups: heterotrophic dinoflagellates, ciliates and zooflagellates 
were also identified and enumerated. Biomass was calculated from measurements of the average 
dimensions of each species which were then converted to cellular volumes (Kovala and 
Larrance 1966) and carbon content (Menden-Deuer and Lessard 2000). Microscopy and flow 
cytometry data were obtained from the WCO repository  
(www.westernchannelobservatory.org.uk).  
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Figure 4.1. Location of station L4 within the western English Channel, UK. Bathymetry map 
derived from www.gebco.net. 
 
 
 
4.3. Results and Discussion 
 
4.3.1. Physical conditions 
 
Conditions at L4 in early 2012 were typical for the winter season, with temperature consistent 
throughout the water column at ~10 
o
C from January to May (Figure 4.2.A., Smyth et al., 2010). 
By mid-May the surface and bottom temperatures differed by +0.46 
o
C (Figure 4.2.A), 
indicating the existence of an early summer thermocline (Smyth et al. 2010). Although this is 
consistent with the expected timing for the onset of stratification, the water column was re-
mixed by storm events in the spring and summer months (Figure 4.2.B); in April, June and 
August rainfall was >200% higher than historical averages (Figure 4.2.B).  Wind speeds of over 
15 m s
-1
 were recorded in April, June, September and October (Figure 4.2.C). These periods of 
high wind speed indicated storm events that re-mixed the water column. During the months of 
increasing water temperature (from April) the monthly average photosynthetically active 
radiation (PAR) levels were not greater than the average winter levels (Figure 4.2.D). Around a 
10-fold increase is expected in daily PAR levels from January to July (Smyth et al. 2010), hence 
the physical conditions during the spring months of March to May were not typical of the L4 
spring bloom period compared to historical data. 
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Figure 4.2. (A) Depth profile of water temperature at station L4, Western English Channel, UK 
during 2012. (B) Total monthly rainfall at Camborne MET station (50° 21.30' N, 5° 3.00' W) 
during 2012 as a percentage of the average monthly total between 1978 and 2013. Data from 
MET office (www.metoffice.gov.uk) contains public sector information licensed under the Open 
Government License v1.0. (C) Monthly averages of resultant wind speed (m s
-1
) at L4. (D) 
Surface Photosynthetically Active Radiation (PAR) at L4. Box represents the interquartile range. 
Bars represent the 10
th
 and 90
th
 quartiles. Points represent all outliers. 
 
 
 
4.3.2. Nutrient concentrations at L4 during 2012 
 
Nitrate concentrations during 2012 showed a typical annual pattern for the L4 station, with a 
maximum of 7.9 µM in January (Figure 4.3.A). Nitrate then declined rapidly to below the 
detection limit (0.02 µM) during the spring bloom period in April (Southward et al. 2004, 
Smyth et al. 2010). During May and July surface nitrate concentration ranged between 0.2 µM 
and 2.6 µM. Summer peaks in surface nitrate concentration, up to 2.26 µM, have previously 
been associated with elevated inputs from the nearby River Tamar (Figure 4.1) after high 
rainfall (164% of the summer time historical average) (Rees et al. 2009). 
 
Phosphate and silicate lagged the nitrate trend by 1 to 2 months, with maximum concentrations 
in February of 0.62 µM and 4.06 µM respectively (Figures 4.3.B&C), which are as expected for 
L4 (Southward et al. 2004, Smyth et al. 2010). During the spring and summer months, 
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concentrations of silicate and phosphate were reduced in the surface waters, however, 
concentrations at 25 and 50 m depth increased either due to remineralisation from grazers 
(Fileman et al. 2010) or the establishment of the seasonal thermocline (Smyth et al. 2010). As 
expected, the winter silicate maximum at L4 of 5.54 µM occurred in December (Figure 4.3.C) 
and has been attributed to an alternate source of silicate other than Atlantic water, which is most 
likely to be outflow from the River Tamar (Figure 4.1) (Smyth et al. 2010). 
 
 
 
Figure 4.3. Contour plots of nutrient concentrations (µM) through the depth profile at sample 
station L4, Western English Channel, UK, during 2012; (A) Nitrate, (B) Phosphate and (C) 
Silicate. 
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4.3.3. Phytoplankton community structure and progression 
 
The L4 phytoplankton community abundance peaked twice in 2012; during the early spring 
with maximum abundance on 27
th
 February (measured by flow cytometry) and unusually for 
station L4, during the autumn months, with maximum abundance of 30 400 cells mL
-1
 recorded 
on 10
th
 September (measured by flow cytometry, Figure 4.4.A). Synechococcus and 
picoeukaryotes numerically dominated the phytoplankton community throughout the year, with 
picoeukaryotes dominating during periods of highest phytoplankton abundance and 
Synechococcus in early February and in August and November. (Figure 4.4.A). During the 
spring bloom period of April to July, increases in Synechococcus, Phaeocystis spp. and diatoms, 
in particular Chaetoceros socialis and Guinardia delicatula, were all significant contributors to 
the increase in total phytoplankton abundance. The spring bloom period at L4 is well known to 
be dominated by chain-forming diatoms, however, unusually for L4, another significant diatom 
bloom occurred in October. 
 
Although picoeukaryotes and Synechococcus numerically dominated the water column for most 
of the year, the nano- and microeukaryote size fractions (i.e. those enumerated by microscopy) 
contributed most to phytoplankton biomass throughout the year (Kovala and Larrance 1966, 
Menden-Deuer and Lessard 2000). The eukaryote population density maxima measured by 
microscopy were 4700 cells mL
-1
 and 5800 cells mL
-1
 on the 14
th
 of May and the 8
th
 of October 
respectively (Figure 4.4.B). Phytoplankton biomass followed a similar trend to population 
density and ranged from 6 to 651 pg C mL
-1
. An exception occurred during the autumn bloom 
period in October, as phytoplankton biomass only reached 65 pg C mL
-1
 (Figure 4.4.B). 
Microzooplankton had several peaks in abundance during the spring months with a maximum of 
900 mL
-1
 in mid-June. During the rest of the year microzooplankton abundance was low, 
ranging from 2 to 80 mL
-1
 (Figure 4.4.C). Microzooplankton biomass followed a separate trend 
and generally increased from the winter to autumn months, from 1 pg C mL
-1 
to a maximum of 
36 pg C mL
-1
 on the 17
th
 September (Figure 4.4.C). 
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Figure 4.4. Plankton abundances measured at station L4, Western English Channel, during 
2012.  (A) Open circles represent the total phytoplankton abundance averaged through the 
water column measured by flow cytometry (combined data from the 7 phytoplankton groups: 
cells mL
-1
), the bar chart representing the proportional contribution of each group (as a 
percentage of total phytoplankton assemblage). (B) Microscopy enumeration of eukaryote 
phytoplankton (cells mL
-1
) and biomass (pg C mL
-1
) from 10 m depth, and (C) microzooplankton 
abundance and biomass from 10 m depth. 
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4.3.4. Seasonality of chlorophyll a, hydroxychlorophyll a and precursor 
 
At the beginning of 2012 the winter concentrations of chlorophyll a at station L4 were between 
0.13 and 0.5 µg L
-1
 (Figure 4.5.A) in surface waters, then increased to a maximum concentration 
of 4.48 µg L
-1 
on 11
th
 April. These surface concentrations were within the range expected for L4 
(Southward et al. 2004, Smyth et al. 2010). The first chl-a maximum on 11
th
 April (11 µg L
-1
) 
corresponded to a minor peak in phytoplankton abundance (Figure 4.5.A & 4.4.A), possibly due 
to a Phaeocystis spp. bloom which had a concurrent maximum abundance (Figure 4.7.A). This 
chl-a maximum in April was coincident with a peak in chl-a concentration in the surface 
sediment (Tait et al. in review). A second chl-a maximum occurred at 50 m depth on the 28
th
 of 
May (10.9 µg L
-1
), just after the spring maximum eukaryote phytoplankton abundance as 
measured by microscopy (Figure 4.4.B), and may have resulted from sinking diatom cells, as 
their peak abundance preceded the deep chlorophyll maximum. During September and October, 
chl-a concentrations increased throughout the water column to an autumn maximum of 2.4 µg 
L
-1
. 
 
The allomer hydroxychlorophyll a was detected throughout the year at station L4, and exhibited 
seasonal variations (Figure 4.5.B). Previous time-series of HO-chl-a in pelagic waters have been 
limited to the bloom period (Walker and Keely 2004, Bale et al. 2010), hence, these are the first 
reported measurements over an almost complete annual cycle. Hydroxychlorophyll a 
concentration had a similar annual distribution to chlorophyll a. A spring peak occurred on the 
11
th
 April throughout the water column with a maximum concentration of 548 ng L
-1 
at 10 m 
depth (Figure 4.5.B). In comparison, concentrations of up to ~600 ng L
-1 
of hydroxychlorophyll 
a were also measured during a spring bloom in the Celtic Sea (Walker and Keely 2004). Smaller 
peaks in pelagic particulate hydroxychlorophyll a occurred on the 28
th
 May at 50 m and on the 
11
th
 June at 2 m.  
 
HO-chl-a was detected in all analysed sediment samples with a range of concentration from 6.7 
to 170 ng g
-1
 dry sediment (Figure 4.5.C). To the best of our knowledge, this is the first 
quantification of hydroxychlorophyll a in marine sediments. This is comparable with the HO-
chl-a concentration detected in sinking particles (Bale, 2010) and freshwater lake surface 
sediments (Walker et al. 2002).  
 
The annual cycle of chlorophyll a concentration was mirrored by the chlorophyll a precursor, 
chlorophyll aP276 (chl-aP276, Figure 4.5.D). A spring peak of 143 ng L
-1 
chl-aP276 at 10 m depth on 
11
th
 April co-occurred with peaks in chl-a concentration (Figure 4.5.A) and phytoplankton 
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biomass (Figure 4.4.B). The maximum concentration of chl-aP276 (210 ng L
-1
) occurred on the 
28
th
 May at 50 m depth and was mirrored by the maximum chl-a concentration at 50 m. This 
study is the first report of chl-aP276 from natural phytoplankton assemblages. 
 
 
Figure 4.5. Concentrations of (A) chlorophyll a in pelagic particulate samples (µg L
-1
), (B) 
hydroxychlorophyll a in pelagic particulate samples (ng L
-1
), (C) hydroxychlorophyll a in surface 
sediment samples (ng g
-1
 dry sediment) and (D) chlorophyll aP276 (ng L
-1
) in pelagic particulate 
samples, from station L4, Western English Channel, UK during 2012. 
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4.3.5. Allomer hydroxychlorophyll a 
 
 Occurrence relative to phytoplankton blooms 4.3.5.1.
The annual cycle of hydroxychlorophyll a, relative to chl-a, i.e. the HO-chl-a to chl-a ratio, was 
discrete from that of chl-a concentration (Figure 4.5.A and 4.6). At the beginning of the year 
during February and March, the ratio of HO-chl-a to chl-a was between 0.008 and 0.029 (Figure 
4.6.A). A maximum ratio of 0.093 was detected in surface waters (2 m) in April. These 
measurements were within the ranges of the HO-chl-a to chl-a ratios previously reported: 
during a North Atlantic spring bloom, where the pelagic maximum ratio of  HO-chl-a to chl-a 
was ~0.05 (Bale 2010) and during a spring bloom in the Celtic Sea where the HO-chl-a to chl-a 
ratios can be calculated to be between ~0.05 and ~0.5 from the work of Walker and Keely 
(2004). Unidentified chlorophyll a allomers have been reported from measurements in the 
Baltic Sea as 14% of the total chloropigments (i.e. a ratio of allomers to total chloropigments of 
0.14) (Szymczak-Żyła and Kowalewska 2007). 
 
In periods where the water column contained a thermocline, from mid-May onward (Figure 
4.2.A), HO-chl-a was found in higher concentrations (relative to chl-a) below the thermocline, 
at 25 m and 50 m depth. Stratification of phosphate concentration occurred during this period 
(Figure 4.3.B) when higher concentrations occurred below 25 m. From mid-May to late 
September phosphate may have been a limiting factor for phytoplankton growth at station L4 in 
the upper 25 m of the water column. The elevated HO-chl-a to chl-a ratio below 25 m may be 
attributed to sinking phytoplankton cells (Walker and Keely 2004), presumably some of which 
were therefore phosphate-limited. The HO-chl-a to chl-a ratio then decreased during May and 
June to between 0.014 and 0.045, before increasing during the summer months, with a 
maximum ratio of 0.059; ratio values remained in this range until late October (Figure 4.6.A). 
The HO-chl-a to chl-a ratio then decreased to between 0.006 and 0.053 for the remainder of the 
year.  
 
Hydroxychlorophyll a was detected in the surface sediment at station L4 with a HO-chl-a to 
chl-a ratio ranging from 0.07 to 0.49 (Fig 6B); up to 10 times higher than the overlying pelagic 
levels. A similar HO-chl-a to chl-a ratio was measured in freshwater lake surface sediments of 
~0.25 (Walker et al. 2002). Unassigned chlorophyll allomers have previously been quantified in 
marine sediments from the Baltic Sea, where they accounted for 10% of the chloropigments 
(Szymczak-Żyła and Kowalewska 2007); they have also been detected in marine sediments 
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from the Louisiana shelf (Chen et al. 2003), the Levantine Basin and the Mediterranean Ridge 
(Cariou-Le Gall et al. 1998), but were not quantified.  
 
A peak in the surface sediment HO-chl-a to chl-a ratio on the 21
st
 May of 0.322 was coincident 
with the water column phytoplankton maximum biomass (Figure 4.4.B). The high 
concentrations of hydroxychlorophyll a (relative to chl-a) in the surface sediment compared to 
overlying waters indicate that the majority of chl-a oxidation occurred during the sedimentation 
process. This is consistent with a previous report of increased hydroxychlorophyll a to chl-a 
ratios measured in sinking particulates, collected by sediment traps (0.085), compared to 
suspended particulates sampled by Niskin bottles (0.03) (Bale 2010). 
 
 
 
Figure 4.6. (A) The ratio of hydroxychlorophyll a (HO-chl-a) to chl-a averaged through the water 
column depth profile (mean±SE). (B) The ratio of hydroxychlorophyll a to chl-a in the depth 
profile (contour plot) and surface sediment (□) from station L4, Western English Channel, UK 
during 2012. 
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 Contributors to pelagic hydroxychlorophyll a maxima 4.3.5.2.
During April, hydroxychlorophyll a was elevated throughout the water column. A surface 
maximum in the ratio of HO-chl-a to chl-a of 0.093 was recorded on the 11
th
 April (Figure 
4.6.B), which coincided with maximum recorded Phaeocystis abundance measured by 
microscopy at 10 m (Figure 4.7.A). The maximum Phaeocystis and hydroxychlorophyll a 
abundances occurred between the 2
nd
 and 16
th
 April. The temporal sampling resolution (<1 
week
-1
) does not allow a more precise prediction of the timing of the phytoplankton or allomer 
maximum abundances. A second maximum ratio of HO-chl-a to chl-a on 24
th
 April at 25 and 50 
m may be due to the senescing and sinking Phaeocystis cells which were detected at 50 m as 
single cells by flow cytometry (Figure 4.7.A). A link between hydroxychlorophyll a and 
phytoplankton mortality was previously postulated by Walker and Keely (2004), where HO-chl-
a maxima were observed slightly below the chl-a maxima in the water column, which provided 
evidence that HO-chl-a was produced after chlorophyll was released from unidentified 
phytoplankton during senescence or herbivory. In comparison,  HO-chl-a to chl-a has been 
found to be consistent in the water column during a diatom bloom and not linked to any 
particular ecological processes (Bale 2010). 
 
Previous studies of allomer occurrence in water column particulates did not include 
phytoplankton taxonomy. Hence, this is the first report of a possible association between HO-
chl-a occurrence and Phaeocystis.  During the spring months of March to May the HO-chl-a to 
chl-a ratio was significantly correlated with the summated measurements of Phaeocystis 
abundance by microscopy and flow cytometry (P=0.032, Spearman Rank correlation 
coefficient=0.304). 
 
At station L4 during the Phaeocystis spp. bloom the N/P ratio declined from 15 to <1, indicating 
that nitrate availability possibly limited Phaeocystis spp. population growth. This has been 
previously reported in a Phaeocystis spp. bloom in the North Sea near the Belgian coast 
(Lancelot 1983).  A minor peak in microzooplankton abundance also occurred on 11
th
 April 
(Figure 4.4.C), indicating grazing as an additional contributor of Phaeocystis spp. decline as 
observed previously in Phaeocystis sp. blooms  in the Dutch Wadden Sea and the coastal North 
Sea (Admiraal and Venekamp 1986). In addition, viral infection is a possible cause of 
Phaeocystis spp. bloom decline (Baudoux et al. 2006), however it was not measured in this 
study. 
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Figure 4.7. Phytoplankton abundances at station L4, Western English Channel, UK during 2012 
of: (A) Phaeocystis spp including single flagellated cells and colonies measured by microscopy 
at 10 m (o) and flow cytometry through the water column (contour plot). (B) Guinardia delicatula, 
abundance measured by microscopy at 10 m, and (C) Chaetoceros socialis measured at 10 m 
by microscopy. 
 
 
The elevated ratio of HO-chl-a to chl-a in the water column on the 24
th
 April had a maximum of 
0.068 at 25m depth. This was co-incident with the maximum abundance at 10 m of the diatom 
Guinardia delicatula (Figure 4.7.B). This bloom began on the 26
th
 March which was co-
incident with the start of a decline in the nitrate to phosphate ratio (Figure 4.8); during which 
the surface N/P ratio reduced from 14.4 to 0.5 on the 24
th
 April. By the 8
th
 May G. delicatula 
had become infected with a parasite, Pirsonia sp. and the bloom was waning (Widdicombe, pers 
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comm.). After this time G. delicatula abundance declined and the N/P ratio began to rise; it can 
therefore be deduced that population growth of G. delicatula was possibly limited by both 
nitrate availability and parasitic infection, as previously reported in a North Sea Phaeocystis 
population (Admiraal and Venekamp 1986, Veldhuis et al. 1986). 
 
G. delicatula also had an autumn bloom which peaked on the 3
rd
 September; however no 
hydroxychlorophyll a maximum was detected at this time (Figures 4.7.B and 4.6.B). During this 
bloom surface nitrate concentration dropped from 0.85 µM to below the limit of detection 
(Figure 4.3.A) and surface phosphate concentration decreased from 0.17 µM to 0.11 µM (Figure 
4.3.B). The N/P ratio decreased from 5 to 0 (Figure 4.8), hence implying that nitrate was 
limiting population growth of G. delicatula during its autumn bloom. This indicates that 
increased HO-chl-a to chl-a ratio was associated with the parasitic infection of G. delicatula by 
Pirsonia sp. (as in April) but not with the G. delicatula population declined due to nitrate 
limitation (as in September).  
 
An autumn maximum of hydroxychlorophyll a occurred at 50 m on 8
th
 October, with a HO-chl-
a to chl-a ratio of 0.084. This was concurrent with a Chaetoceros socialis bloom (Figure 4.7.C), 
during which concentrations of both nitrate and phosphate increased, hence this bloom was 
assumed not to be nitrate or phosphate limited. C. socialis also bloomed in the spring with a 
maximum abundance on the 14
th
 May, however during this bloom the HO-chl-a to chl-a ratio 
was not elevated. A sporadic period of nutrient input occurred during this time (Figure 4.3.A) 
and nitrate concentration reached 2.62 µM. By the end of the bloom on the 21
st
 May, nitrate 
concentration had declined to 0.08, hence this bloom may have declined due to nitrate 
limitation.  
 
Hence, increased HO-chl-a to chl-a ratio was associated with C. socialis in October when 
population decline was not due to nutrient limitation, but some other factor, for example viral 
lysis (Tomaru et al. 2009). Increased HO-chl-a to chl-a ratio was not associated with nitrate 
limited C. socialis, as was deduced above for G. delicatula. 
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Figure 4.8. Ratio of nitrate to phosphate at station L4, Western English Channel, UK during 
2012. 
 
 
 Contributors to minor peaks in pelagic hydroxychlorophyll a 4.3.5.3.
Several minor peaks in hydroxychlorophyll a occurred during the summer and autumn months. 
On the 23
rd
 July the HO-chl-a to chl-a ratio increased at 25 and 50 m to a maximum of 0.057; at 
this time the water column was stratified with a mixed layer depth (MLD) of 15m. However, on 
the 26
th
 September the ratio at 50 m was 0.052 (Figure 4.6.B) and the water column was 
completely mixed. These minor peaks were paralleled by increases in coccolithophore 
abundance (Figure 4.9.A). The coccolithophore E. huxleyi has been studied in culture and 
shown not to alter its HO-chl-a to chl-a ratio during adaptation to low nutrient conditions 
(Franklin et al. 2012, Bale et al. 2013). However, when E. huxleyi was infected with viruses, 
hydroxychlorophyll a increased from ~0.1 fg cell
-1
 to ~0.33 fg cell
-1 
(Bale et al. 2013). The ratio 
of HO-chl-a to chl-a can be calculated (from Bale et al., 2013) to increase from ~0.006 to 
~0.035 during decline due to viral infection in culture.  
 
Bloom termination of coccolithophores by viral lysis is known to occur in the summer period in 
the North Sea (Schroeder et al. 2002, Wilson et al. 2002). Hence the coccolithophore 
populations in September associated with increased HO-chl-a to chl-a ratio may have been 
subject to viral lysis. Thus the increase in HO-chl-a, relative to chl-a may prove to be a useful 
indicator of viral infection, in addition to senescence, but this needs to be assessed further in a 
wider range of phytoplankton taxa. 
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On the 30
th
 July the HO-chl-a to chl-a ratio reached 0.058 at 25 m (Figure 4.6.A), which was 
coincident with the maximum abundance of the dominant dinoflagellate Karenia mikimotoi at 
10 m depth (evident as the initial peak in total dinoflagellate abundance, Figure 4.9.B). At this 
time the water column had a MLD of 20 m. A deep water peak in the HO-chl-a to chl-a ratio of 
0.052 occurred at 50 m on the 17
th
 September (Figure 4.6.B), when the water column was 
thermally stratified with a MLD of 25 m (Figure 4.2.A). This increase in hydroxychlorophyll a 
followed the maximum dinoflagellate abundance measured by flow cytometry on the 10
th
 of 
September (Figure 4.9.B), suggesting a potential contribution to hydroxychlorophyll a from 
dinoflagellate cells. 
 
Figure 4.9. Phytoplankton abundances at station L4, Western English Channel, UK during 2012 
of: (A) Coccolithophores and (B) Dinoflagellates, measured by microscopy at 10 m (o), and flow 
cytometry through the depth profile (contour plot). 
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4.3.6. Precursor Chlorophyll aP276 
Chlorophyll aP276 occurred, relative to chl-a, with a ratio between 0.003 and 0.027 (Figure 4.10). 
The ratio of chl-aP276 to chl-a increased between April and July with higher ratios measured at 
25 and 50 m depth compared to surface waters. This period of increased chl-aP276 (relative to 
chl-a) coincides with the period of high phytoplankton abundance (Figures 4.4.A & 4.4.B), i.e. 
the spring bloom period. The chl-aP276 to chl-a ratio maxima occurred before the chlorophyll a 
maxima (Figures 4.5.A & 4.10.). The ratio of chl-aP276 to chl-a correlates with chl-a 
concentration (P<0.001, rank correlation coefficient = 0.446). This is expected and adds support 
for the assignment of chl-aP276 as a precursor during chl-a biosynthesis (Rüdiger 2006, Franklin 
et al. 2012). There are no previous field measurements of chlorophyll aP276, however it has been 
previously detected in Pavlova gyrans cultures at a  ratio of ~0.003 with chl-a (Bale et al. 2010) 
which is consistent with the ratios found in this study. Chl-aP276 has also been detected in 
cultures of E. huxleyi and Thalasiosira pseudonana, however it was quantified in combination 
with hydroxychlorophyll a (Franklin et al. 2012).   
 
 
Figure 4.10. (A) The ratio of chlorophyll aP276 (chl-aP276) to chl-a averaged through the water 
column depth profile (mean±SE). (B) The ratio of chlorophyll aP276 to chl-a in the depth profile 
(contour plot) from station L4, Western English Channel, UK during 2012. 
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4.4. Conclusions 
 
Chlorophyll aP276 correlates with chl-a concentration, thus supporting its assignment as a chl-a 
precursor. The annual trend in the hydroxychlorophyll a to chl-a ratio shown here indicates that 
formation of HO-chl-a is a variable process in the water column, in this case associated with 
Phaeocystis spp, G. delicatula, C. socialis and E. huxleyi population dynamics and, reported for 
the first time, during dinoflagellate blooms. However, the inconsistency of the species’ 
associations with hydroxychlorophyll a suggests a dependency on the mode of phytoplankton 
mortality or population decline, as has been observed in E. huxleyi cultures (Bale et al. 2013). 
 
Due to the weekly sampling resolution of this study, it remains challenging to relate 
hydroxychlorophyll a production more precisely to the population dynamics of this 
phytoplankton assemblage. To determine which combination of taxa were responsible for 
allomer production in natural systems, more detailed surveys and further assessment in 
laboratory studies is necessary. Analysis across a diverse array of phytoplankton taxa subjected 
to viral lysis, environmental limitation and grazing will clarify their occurrence in natural 
systems.  
 
During periods of thermal stratification the HO-chl-a to chl-a ratio was higher below the 
thermocline. Further, the HO-chl-a to chl-a ratio measured in the sediment was 10 times that 
detected in the water column, indicating that the process of sedimentation or the processing of 
phytoplankton cells by other organisms within the water column or at the sediment surface, is a 
larger contributor to hydroxychlorophyll a than production in phytoplankton cells suspended in 
the water column. Thus, more emphasis is needed on measuring allomer production and loss 
processes in the sediments, and importantly, the relationships between the pelagic and benthic 
interface. 
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Chapter V 
Research Cruise, May 2011 
Survey of chlorophyll allomers, precursor and eukaryote 
population viability in the North Sea 
5. CHAPTER V : Survey of chlorophyll allomers, precursor and eukaryote 
population viability in the North Sea 
5.1. Introduction 
 
To expand the geographical range of chlorophyll allomer measurements, to include a range of 
environmental conditions and phytoplankton community compositions, sampling was 
undertaken during a research cruise in the southern and central North Sea.  
 
Regions within the southern and central North Sea are influenced by inflow from the Atlantic 
via the English Channel (Becker and Pauly 1996), industrial aquaculture on the continental 
coast, and riverine outflow. During this research cruise, the water column was sampled at 
regions influenced by these factors to varying degrees. This range of abiotic environments 
supported varied phytoplankton communities. Hence the cruise track enabled a survey of 
chlorophyll allomers in uniquely influenced and varied phytoplankton assemblages. 
 
This study also provided the opportunity for comparison between allomer concentrations and 
measurements of population viability using SYTOX-Green (Chapter 1, section 1.5.2.1) and 
CMFDA staining (section 1.5.2.3),  for membrane permeability and hydrolytic enzyme activity 
respectively, as well as bulk chlorophyll fluorescence measurements (i.e. Fv/Fm, section 1.6.2). 
These data were collected in parallel with the chlorophyll allomers and the chl-a precursor and 
hence provided an opportunity to examine associations between parameters.  
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5.1.1. Chapter V hypotheses  
 
The aim of this study was to establish if chlorophyll a allomers and the precursor chlorophyll 
aP276 could be used as indicators of phytoplankton physiological status. As allomers are thought 
to be produced when phytoplankton cells are experiencing stressful conditions, it follows that 
they could be an indicator of cellular stress. The precursor chlorophyll aP276 has previously been 
measured in highest abundance (relative to chl-a) during exponential growth of phytoplankton 
populations in culture (Chapter 3, Franklin et al. 2012) and therefore could act as a marker for 
population growth.  
 
There are currently 3 studies which include measurement of the allomer hydroxychlorophyll a 
(HO-chl-a) in the marine water column. They report contrasting evidence for a relationship 
between the HO-chl-a to chl-a ratio with depth (Walker and Keely 2004, Bale 2010). Therefore 
the first hypothesis is that the ratio of allomer to chl-a is maximal at depths below the 
chlorophyll maximum. However, this hypothesis depends on the degree of mixing or thermal 
stratification of the water column. Hence, at several sampling stations, allomers were measured 
at multiple depths in the water column. As the production of allomers is linked to senescing 
phytoplankton cells as has been measured in Ostreococcus tauri (chapter 3) and other taxa (Bale 
et al. 2011, Franklin et al. 2012, Bale et al. 2013), it follows that if the senescing phytoplankton 
sink through the water column, the ratio of allomer to chl-a will increase with depth.  
 
Allomers may also be increased relative to chlorophyll a during the decline of a population, as 
was observed in O. tauri cultures (Chapter 3) and other phytoplankton cultures (Bale et al. 
2011, Franklin et al. 2012, Bale et al. 2013). This leads to the second hypothesis - that the 
allomer to chl-a ratio increases when the overall chl-a concentration is decreasing. This study 
also leads to the third hypothesis - that the ratio of the precursor chl-aP276 to chl-a is highest 
when the overall chl-a concentration is increasing.  
 
The final hypotheses follow; that allomers would be found in highest abundance (relative to chl-
a) when the maximum photosynthetic efficiency, Fv/Fm, is lower than expected for the 
phytoplankton community; and similarly, a low ratio of allomers to chl-a would occur when the 
Fv/Fm ratio was in the upper range expected for the phytoplankton community. However as 
maximum Fv/Fm varies with taxa (Suggett et al. 2009), comparison across phytoplankton 
assemblages comprised of varying taxa is complex (see Chapter 1, section 1.6.2 for details of 
the interpretation of Fv/Fm). 
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5.2. Location and sampling synopsis 
 
The cruise was part of a multidisciplinary research program (ProTool, http://www.protool-
project.eu/; Dymaphy http://www.dymaphy.eu/) aboard the RV CEFAS Endeavour in May 2011 
in the central and southern North Sea, between Lowestoft and the Netherlands (Figure 5.1). 
Sampling was conducted at a variety of sampling locations guided in some cases by satellite 
chlorophyll estimations from the previous day, during the period 8
th
 to 12
th
 May. The recent 
history of chlorophyll a concentration at each station was extracted from ocean colour data 
collected by satellite (see Methods chapter 7, section 7.4.6 for details). The sampling stations 
are shown in Figure 5.1 and Table 5.1. Seawater samples were collected throughout the water 
column using 10 L Niskin bottles mounted on a CTD rosette sampler. The sampling depths 
ranged from surface to bottom and water depth ranged from 21 to 82 m. Water samples were 
processed for pigments and allomers (chapter 7.6.1.2), nutrients (by R Forster, chapter 7.4.3), 
and analyzed for phytoplankton community composition and abundance using a Cytosense flow 
cytometer by M Thyssen (Thyssen et al. 2014, chapter 7.4.4.). The phytoplankton assemblage at 
stations 17 and 18 were also assessed for membrane permeability (using SYTOX-Green) and 
hydrolytic enzyme activity (using CMFDA) using an Accuri C6 flow cytometer (by D Franklin, 
chapter 7.4.5). Seawater was also collected continuously from 6 m depth, which entered a 
Pocket Ferry Box and was analysed for optical measurements including an estimation of Fv/Fm 
by Phytoflash (chapter 7.4.2). 
 
 
Figure 5.1. Location of sampling stations during a research cruise from
 
8
th
 to 11
th
 May. 
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Table 5.1. Description of sampling stations from a research cruise in the central and southern 
North Sea, May 2011. 
Station site Station no. Date GMT_time 
Water column 
depth (m) 
Dowsing 1 08/05/2011 08:35 21 
Flamborough Outer 2 08/05/2011 14:12 58 
Flamborough Inner 3 08/05/2011 17:06 52 
Tyne 4 09/05/2011 07:43 80 
Outer Tyne 5 09/05/2011 13:05 70 
West Dogger 6 09/05/2011 17:50 65 
North Dogger 7 10/05/2011 05:38 81 
North Dogger 8 10/05/2011 07:38 81 
North Dogger 9 10/05/2011 10:14 82 
North Dogger 10 10/05/2011 13:11 82 
North Dogger 11 10/05/2011 17:40 82 
North Dogger 12 10/05/2011 18:00 82 
South Dogger 13 11/05/2011 05:31 23 
South Rough 14 11/05/2011 09:36 47 
Nam field 15 11/05/2011 15:27 32 
Pen field 16 11/05/2011 18:44 27 
off Schevingen 17 12/05/2011 05:30 28 
West Gabbard 18 12/05/2011 12:37 32 
 
 
5.3. Statistical methods 
5.3.1. Phytoplankton community multivariate analysis 
 
The cruise stations were analysed for similarity using the multivariate statistics programme 
PRIMER-E (version 6, PRIMER-Ltd, Ivybridge, UK). The proportional contribution of each 
phytoplankton taxa was square-route transformed (Poulton et al. 2007, Franklin et al. 2009b) 
and a Bray-Curtis similarity index was computed. The resulting matrix was interpreted using 
Hierarchical Cluster analysis to produce a dendrogram of similarity and using non-metric 
multidimensional scaling (MDS). 
 
The pattern with which the stations clustered based on the proportional contribution of 
phytoplankton taxa was compared to clustering of stations based on nutrient concentration 
(nitrate, phosphate, nitrite, silicate and ammonium) and the N to P ratio. The nutrient data was 
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log transformed and normalised, before using BEST analysis for comparison of the biotic and 
abiotic data, performed using PRIMER-E. This analysis finds the “best” match between the 
multivariate among-sample patterns of an assemblage and that from the environmental variables 
associated with those samples. The extent to which these 2 patterns match, reflects the degree to 
which the chosen abiotic data “explains” the biotic pattern (Clarke and Gorley 2006). 
 
Patterns in clustering based on individual pigments of interest (i.e. ratios of HO-chl-a, MeO-chl-
a-like or chl-aP276 to chl-a) were compared to the biotic proportional contribution of each 
phytoplankton taxa and abiotic nutrient concentrations and N to P ratios of each station using 
BEST analysis. The chlorophyll a, allomer and precursor data were first square-root 
transformed and their Euclidean Distance indexes were computed. The BEST analysis assessed 
which variables best explained the station clustering resulting from the individual allomer or 
precursor ratios and resulted in a correlation co-efficient (ρ) and significance level (p). 
 
 
5.4. North Sea cruise Results and Discussion 
 
5.4.1. Overview of nutrient conditions during the cruise 
 
This cruise track in the central and southern North Sea encompassed a wide range of 
environmental conditions. The nutrient-rich region of the Outer Tyne (station 5, Figure 5.1) had 
a nitrate concentration of 2.57 µM and phosphate concentration of 0.5 µM (Figure 5.2.A). In 
contrast, the low nutrient West Gabbard (station 18) had a nitrate concentration of 0.05 µM and 
a phosphate concentration of 0.07 µM. This nitrate concentration is greatly reduced compared to 
that measured at the Gabbard in March 2000; reported as 9.2 µM (Weston et al. 2004) likely 
indicating that station 18 was sampled after the bulk of the nitrate had been consumed by the 
Spring bloom.  Station 7 (North Dogger) had nitrate, phosphate and silicate concentrations of 
0.05 µM, 0.24 µM and 0.3 µM respectively. This is consistent with measurements of surface 
nitrate, phosphate and silicate of 0.03-0.06 µM, 0.02-003 µM, 0.04-0.81 µM respectively, 
measured at the Dogger Bank during July 2003 (Baudoux et al. 2008). The nitrate 
concentrations at stations 15 and 16, at the Nam Field and Pen Field, were 1.95 µM and 0.05 
µM respectively. This range is outside previous measurements in this area, during May 2000, of 
0.2 to 0.7 µM, but is within the range for July 2000 (maximum 2.56 µM) (Weston et al. 2004). 
It is therefore likely that station 16 was sampled after a phytoplankton bloom. The ratio of 
nitrate to phosphate also varied widely, from 16.3 at station 15 at the Nam Field to less than 1 in 
the majority of stations (1, 4, 6, 7, 10, 14 and 18, Figure 5.2.A).  
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5.4.2. Overview of phytoplankton communities during the cruise 
 
The maximum phytoplankton abundance of 45 000 cells mL
-1
, detected by flow cytometry, was 
recorded at station 18, in the West Gabbard. In contrast, the minimum phytoplankton abundance 
of 850 cells mL
-1
 was recorded at the Outer Tyne (station 5) (Figure 5.2.B). Throughout the 
cruise track, picoeukaryotes were the most abundant phytoplankton group, followed by 
Phaeocystis spp. and Synechococcus (Figure 5.2.C). Generally, during periods of high 
phytoplankton productivity, i.e. the spring period, picoeukaryotes are expected to be 
numerically dominant in the water column, whereas Synechococcus generally takes-over at 
other times (Baudoux et al. 2008), as previously described in the Western English Channel 
(chapter 4.3.3). In the Dogger area, during July 2003, the water column was numerically 
dominated by Synechococcus with an average maximum abundance of ~7x10
4
 cells mL
-1
, 
whereas the total picoeukaryote abundance was ~1.4x10
4
 cells mL
-1
 (Baudoux et al. 2008). This 
example of the July assemblage represents a summer period dominated by Synechococcus (as 
expected) with abundance 1.5 times higher than in May 2011, which was the more productive 
spring period. The coccolithophore abundance was low across the cruise study sites, which 
corresponds to previous measurements in the southern North Sea (van Bleijswijk et al. 1994).  
 
A Phaeocystis spp. bloom at stations 17 and 18 was recorded with a maximum abundance of 
9300 cells mL
-1
 (Figure 5.2). This abundance is 4 orders of magnitude lower than a previous 
Phaeocystis bloom in the Southern Bight of the North Sea, where abundance was detected to be 
140x10
6
 cells mL
-1
 (measured by flow cytometry) (van der Woerd et al. 2011). During the 
bloom in 2003, chlorophyll a concentration reached ~40 µg L
-1
, whereas the maximum chl-a 
concentration measured in situ at stations 17 and 18 was 3.05 µg L
-1
. Hence it is likely that 
stations 17 and 18 were not sampled during the peak of the Phaeocystis spp bloom. In addition, 
from ocean colour observations, it is likely that station 17 and 18 were sampled after the peak of 
the bloom (see section 5.4.9). 
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Figure 5.2. (A) Concentrations of dissolved inorganic nitrate, phosphate and silicate, and the 
corresponding N to P ratios. (B) Average phytoplankton abundance through the water column 
measured by flow cytometry and (C) The proportional contribution of Synechococcus, 
picoeukaryotes, cryptophytes, coccolithophores, Phaeocystis, and other nanoeukaryotes 
averaged through the water column, measured by flow cytometry, at 12 stations in the central 
and southern North Sea sampled in May 2011. See Figure 5.1 for station locations. 
 
 
5.4.3. Overview of community variable fluorescence during the cruise  
 
The maximum quantum efficiency of PSII photochemistry (Fv/Fm) of the communities ranged 
from 0.168 at station 15 to a maximum of 0.443 at station 4. Although no North Sea 
measurements of Fv/Fm have been located for comparison, the measurements of Fv/Fm recorded 
during this cruise can be compared to measurements from the Celtic Sea and North Atlantic 
Ocean. The maximum Fv/Fm recorded during the cruise was within the range measured in the 
Celtic Sea  (measured by FRRF in May, 2000) from 0.44 to 0.50 (Smyth et al. 2004). This 
maximum Fv/Fm is also within ranges recorded in the North Atlantic Ocean; measured by FRRF, 
May/June 2001), from 0.2 to 0.65 during a diatom bloom (Moore et al. 2005); and measured 
using a pump-and-probe fluorometer in May/June 1993, from 0.22 and 0.55 (Olaizola et al. 
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1996). The minimum Fv/Fm recorded during this cruise was below the previously recorded 
ranges. This may be due to interference in the water column caused by non-physiological 
factors, for example dissolved fluorescence and particulate fluorescence from chlorophyll 
degradation products (Geider et al. 1993a, Olaizola et al. 1996, Fuchs et al. 2002). This low 
minimum Fv/Fm may also be due to species or strain differences between the North Sea coastal 
and the North Atlantic Oceanic strains or species.  
 
 
5.4.4. Overview of community viability during the cruise  
 
 SYTOX staining at stations 17 and 18 5.4.4.1.
The viability of the phytoplankton assemblage at stations 17 and 18 was assessed using 
membrane permeability (using SYTOX-Green) and hydrolytic enzyme activity (using CMFDA) 
(Figure 5.3). As stations 17 and 18 were vastly dominated by one phytoplankton taxa (Figure 
5.3.A) the interpretation of the cell staining results were simplified hence they have been 
included as a measure of phytoplankton population viability. 
 
Less than 1% of the phytoplankton cells sampled from station 18 were labelled with the 
SYTOX-Green probe (Figure 5.3.B). There are no reports of SYTOX application to natural 
Phaeocystis blooms; hence this may be the first example. SYTOX has previously been applied 
to Phaeocystis in culture during viral infection (Brussaard et al. 2001). Even though the viral 
infection led to complete population collapse, a maximum of only 25% of cells were labelled 
SYTOX-positive. This  low level of staining was due to a reduction in red florescence intensity 
in the infected cells (Brussaard et al. 2001). Therefore the proportions of SYTOX 
positive/negative cells did not represent the whole population, but rather, only cells that had also 
retained high red fluorescence. Hence in this case the proportion of cells with permeable 
membranes was probably underestimated. During Phaeocystis senescence up to 30% of cells 
were labelled (Brussaard et al. 2001), however the senescent cells did not have reduced red 
fluorescence and hence the proportion of SYTOX-positive/negative cells did represent the 
whole population. Therefore the interpretation of the SYTOX staining at stations 17 and 18 
depends on the relative red fluorescence of the Phaeocystis cells and hence any environmental 
stress that may have led to reduced red fluorescence. The Phaeocystis cluster was tightly 
grouped within the cytogram (Figure 5.3.A) and no “low-red” sub-population was detected, 
adding confidence that the complete Phaeocystis spp. population was represented in the staining 
analysis. Hence the Phaeocystis spp. populations at stations 17 and 18 showed very low levels 
of membrane permeability. 
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Figure 5.3. Cytogram plots from station 17, off Schevingen in the southern North Sea. The 
phytoplankton population was dominated by Phaeocystis spp. (A). Box encloses the 
Phaeocystis spp. population. The assemblage was stained for (B) membrane permeability 
(SYTOX-Green), and (C) hydrolytic enzyme activity (CMFDA), showing the Phaeocystis 
population only.  
 
 
 CMFDA staining at stations 17 and 18 5.4.4.2.
CMFDA staining of stations 17 and 18 resulted in 6% of cells with limited or no probe 
metabolism, 93% with substantial probe metabolism, and some even more (Figure 5.3.C, see 
chapter 1.5.2.3 for details of probe action). CMFDA has been tested for applicability to 
Phaeocystis cultures; for the 6 Phaeocystis stains tested, the probe response was moderate to 
high in all of the cultures in exponential and stationary phase (Peperzak and Brussaard 2011). 
Therefore, suggesting that the Phaeocystis population at stations 17 and 18 were active and 
viable, with high hydrolytic enzyme activity and near complete membrane integrity. 
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5.4.5. Overview of chlorophyll, allomers and chl-a precursor measurements (by HPLC) 
 
 Chlorophyll a concentration 5.4.5.1.
Chlorophyll a concentration in the particulate samples from the water column (measured by 
HPLC) ranged from 0.056 µg L
-1 
to 0.991 µg L
-1
 (Figure 5.4), as expected in the central and 
southern North Sea (Gieskes and Kraay 1984, McQuatters-Gollop et al. 2007). However, 
chlorophyll a concentrations near the Dutch coast are known to exceed 20 µg L
-1 
(Borges and 
Frankignoulle 1999, Petersen et al. 2008). To provide a more complete description of 
chlorophyll a, pre and post sampling, and through the water column, estimates of chl-a 
concentration were derived from satellite based ocean colour measurements and by fluorescence 
measurements from CTD casts. These data are discussed below in sections 5.4.9 and 5.4.8.  
 
 
Figure 5.4 Concentration of chlorophyll a in pelagic particulate samples throughout the water 
column, including replicates and multiple depths, from 18 stations in the central and southern 
North Sea during May 2011, determined by HPLC.  
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 Example pigment chromatogram from the North Sea 5.4.5.2.
From HPLC analysis of pelagic particulate pigment samples, the methoxychlorophyll a-like 
allomer and the chlorophyll allomers hydroxychlorophyll b and hydroxychlorophyll a were 
detected along with the chlorophyll a precursor, chlorophyll aP276 (Figure 5.5 & Table 5.2). 
These components were assigned by comparison of their main UV/vis absorption bands and 
retention times with the components presented in Chapter 3 (section 3.3.3) and Chapter 2 
(section 2.6.1), and were confirmed by LCMS
n
 analysis. 
 
 
Figure 5.5. Partial HPLC-PDA chromatogram (660 nm) showing elution position relative to chl-a 
(VII) and chl-b (III) of chlorophyll allomers and precursor detected in the southern North Sea, at 
station 1 (at 6 m depth, located at lat: 53.518 and lon: 1.0722). For peak assignments, see 
Table 5.2. 
 
 
Table 5.2. Peak assignment from 660 nm chromatogram resulting from HPLC separation of 
particulate photopigment samples from the central and southern North Sea. 
Peak no. Main UV/vis absorption bands (nm) Assignment 
I 429, 650 Methoxychlorophyll a-like allomer* 
II 431, 650 Hydroxychlorophyll b 
III 462, 647 Chlorophyll b 
IV 431, 663 Chlorophyll aP276 
V 425, 660 Hydroxychlorophyll a 
VI 428, 660 Hydroxychlorophyll a epimer 
VII 430, 663 Chlorophyll a 
* tentative assignment 
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 Hydroxychlorophyll a detected in the North Sea 5.4.5.3.
Hydroxychlorophyll a was detected at all of the sampling stations and was maximum (relative 
to chl-a) at station 2, where the HO-chl-a to chl-a ratio was 0.129 (Figure 5.6.A). The minimum 
HO-chl-a to chl-a ratio (0.0139) was detected at station 4. This range of HO-chl-a to chl-a 
ratios was wider than that detected at station L4 in the Western English Channel, which had an 
annual range of 0.008 to 0.093 (chapter 4.3.5.1); and was also wider than the range recorded 
during a North Atlantic spring bloom which had a lower maximum ratio of ~0.05 (Bale 2010). 
The maximum HO-chl-a to chl-a ratio of 0.129, detected at station 2, was within the range 
which occurred during a spring bloom of Chaetoceros in the Celtic Sea (Walker & Keely, 
2004). The range of the HO-chl-a to chl-a ratio during the Chaetoceros bloom can be calculated 
from the work of Walker and Keely (2004), as ~0.05 to ~0.5. The maximum ratio at station 2 is 
also similar to previous measurements of unidentified chlorophyll a allomers in the Baltic Sea, 
which  accounted for 14% of the total chloropigments (Szymczak-Żyła and Kowalewska 2007). 
 
The range of HO-chl-a to chl-a ratios detected during this cruise can also be compared to 
laboratory studies of algal cultures. The maximum HO-chl-a to chl-a ratios detected during an 
Ostreococcus tauri culture study were 0.18 during viral infection (chapter 3.3.4.2) and 0.014 
during environmental limitation (chapter 3.3.4.4). Both of these maxima are within the range of 
HO-chl-a to chl-a ratios detected in the North Sea. In comparison, during Thalassiosira 
pseudonana nitrogen limitation the reported maximum ratio of HO-chl-a and chl-aP276 
combined, relative to chl-a was ~0.05 (Franklin et al. 2012). The maximum HO-chl-a to chl-a 
ratios detected in senescent cultures of Pavlova gyrans and Isochrysis galbana can be calculated 
as ~0.002 and ~0.007 respectively, from the work of Bale et al. (2011). In culture studies of 
Emiliania huxleyi, the HO-chl-a to chl-a ratios reached maxima of 0.036 in virally-infected 
(EhV86) cultures and 0.011 (Bale et al. 2013) and ~0.01 (Franklin et al. 2012) in senescent 
cultures. 
 
The HO-chl-a to chl-a ratios measured during this cruise of the central and southern North Sea 
encompassed the wide range of ratios previously detected in 4 studies of pelagic marine sites 
and 4 culture studies involving a total of 5 species, and 2 applications of virus. This was due to 
the wide range of phytoplankton community compositions and environmental conditions 
encountered during the cruise.  
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Figure 5.6. Ratios of allomers (A) hydroxychlorophyll a and (B) methoxychlorophyll a-like 
allomer, and precursor (C) chlorophyll aP276, to chlorophyll a in pelagic particulate samples 
throughout the water column from 14 stations in the central and southern North Sea during May 
2011, determined by HPLC.  
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 Methoxychlorophyll a-like allomer detected in the North Sea 5.4.5.4.
The methoxychlorophyll a-like allomer was detected at 11 out of the 14 stations which were 
sampled for pigments (Figure 5.6.B). The maximum ratio of MeO-chl-a-like allomer to chl-a 
was 0.012, which occurred at stations 1 and 7. This chl-a allomer has been detected in 
phytoplankton pigment extracts on one previous occasion only; in a culture study of O. tauri. 
This allomer was not detected during growth limitation, but during viral infection only, with a 
ratio of MeO-chl-a-like allomer to chl-a between ~0.01 and ~0.02. The MeO-chl-a-like allomer 
to chl-a ratios at stations 1, 7, 10 and 18 are within the range detected during O. tauri viral 
infection. However, generally lower ratios were detected during this cruise than those detected 
during O. tauri viral infection. This is probably due to the natural marine environment 
containing a mixed assemblage of phytoplankton species. Higher concentrations of the MeO-
chl-a-like allomer (relative to chl-a) were detected in culture because nearly all of the cells 
present were undergoing the same process of viral-infection.  
 
 
 Chlorophyll aP276 detected in the North Sea 5.4.5.5.
The precursor chlorophyll aP276 was detected at every station sampled for pigments during the 
cruise (Figure 5.6.C). The ratios of chl-aP276 to chl-a ranged from 0.0073 at station 18, to 0.025 
at station 2. This is within the range of the chl-aP276 to chl-a ratios detected at station L4 in the 
Western English Channel (from 0.003 to ~0.027, chapter 4.3.6). 
 
This is only the second report of chlorophyll aP276 in the marine environment. However, 
chlorophyll aP276 has been previously detected during several culture studies. In exponentially 
growing O. tauri cultures, the maximum ratio of chl-aP276 to chl-a was 0.014 (chapter 3.3.4.4). 
After population collapse due to viral infection, the chl-aP276 to chl-a ratio greatly increased to 
0.1, probably caused by the regrowth of a residual population.  
 
Chlorophyll aP276 has also previously been detected in growing Pavlova gyrans cultures with a 
maximum chl-aP276 to chl-a ratio of ~0.003 during exponential growth (Bale et al. 2010), which 
is consistent with the ratios measured during the cruise. Chl-aP276 has also been detected in 
exponentially growing cultures of E. huxleyi and Thalasiosira pseudonana (Franklin et al. 
2012), however the chl-aP276 to chl-a ratios cannot be calculated as chlorophyll aP276 was 
quantified together with hydroxychlorophyll a.  
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The levels of chlorophyll allomers (relative to chl-a) encountered during this cruise transect are 
generally within ranges previously reported in marine (where they exist) and culture studies. 
The combined signal from the chlorophyll a allomers and precursor summates to between 2.7% 
(at station 4, Tyne) and 15.3% (at station 2, Outer Flamborough Front) of the total chl-a signal. 
 
To begin to investigate the cause of the wide variation in the concentrations of the precursor and 
the chlorophyll allomers, relative to chlorophyll a, it is useful to further consider the biotic and 
environmental conditions of the sampling stations.  
 
 
5.4.6. Multivariate analysis 
 
To enable comparisons of allomer measurements between stations, they were grouped by 
similarity of biota, nutrients, chlorophyll a concentration, allomer to chlorophyll ratios and the 
precursor (chl-aP276) to chl-a ratio. To try and explain variation in the phytoplankton assemblage 
by nutrient conditions and the variation in allomers by biotic and abiotic factors, MDS plots 
were compared and BEST analysis was carried out. 
 
 Phytoplankton community compositions and nutrient concentration 5.4.6.1.
The phytoplankton community compositions at the sampling stations were assessed for 
similarity. Cluster analysis was computed for the Bray-Curtis similarity of community 
composition, averaged across depths and replicate samples for each station. Four groups 
emanated at the 80% Bray-Curtis similarity level; cluster 1 included stations 7, 4 and 10; cluster 
2 included stations 1, 2, 6, 13, 14 and 1; the remaining stations 3 and 18 were both isolated 
(Figure 5.7.A). Cluster analysis was computed for the Euclidian distance of nutrient conditions. 
Four groups emanated at the Euclidian distance 2 level; cluster 1 included stations 2, 3 and 15; 
cluster 2 included stations 4, 6, 7, 10, 14 and 18; the remaining stations 1 and 13 were isolated 
(Figure 5.7.B). 
 
Grouping the sampling stations by biota and by nutrient conditions resulted in different 
clustering. Further, to assess any linkage between nutrient concentrations and biota at the 
sampling stations BEST analysis was carried out. When the similarity of the stations biota was 
compared to the nutrient conditions at each station, the best explanatory variables were 
combined ammonium and nitrite, however the correlation was weak (ρ=0.375) and not 
statistically significant (p=0.247). Hence the biota found at a station could not be explained 
fully by nutrient condition. 
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Figure 5.7. Multi-Dimensional Scaling (MDS) analysis of (A) phytoplankton community, 
composition showing Bray-Curtis similarity, and (B) concentrations of nitrate, phosphate, nitrite, 
silicate, ammonium and silicate and N to P ratios, (C) chl-a concentration and (D) ratios of HO-
chl-a and chl-aP276 to chl-a, showing Euclidian distance. 
 
The chlorophyll a concentrations at the sampling stations were assessed for similarity. Cluster 
analysis was computed for the Euclidian distance of chl-a concentrations, averaged across 
depths and replicate samples for each station. Four groups emanated at the Euclidian distance 
0.2 level; cluster 1 included stations 4 and 14; cluster 2 included stations 18, 3 and 17; cluster 3 
included stations 2, 15, 7, 13 and 10; cluster 4 included stations 5 and 6 (Figure 5.7.C). Cluster 
analysis was computed for the Euclidian distance of the ratios of HO-chl-a and chl-aP276 to chl-
a. Four groups emanated at the Euclidian distance 1 level; cluster 1 included stations 4, 10 and 
18; cluster 2 included stations 1, 6, 13 and 15; cluster 3 included stations 3, 7 and 17; station 2 
was isolated (Figure 5.7.D). 
 
Grouping the stations by their ratios of HO-chl-a and chl-aP276 to chl-a resulted in different 
clusters, compared to grouping by the biotic and abiotic factors. To assess the linkages between 
ratios of HO-chl-a and chl-aP276 to chl-a and the biota and abiotic factors, BEST analysis was 
carried out. The similarity of the stations HO-chl-a and chl-aP276 to chl-a ratios were compared 
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to the biotic and abiotic factors at each station. The best explanatory abiotic variables of the chl-
aP276 to chl-a ratio were nitrate and chl-a, however the correlation was weak (ρ=0.215) and not 
statistically significant (p=0.59). The best explanatory biotic variables were coccolithophore and 
Phaeocystis spp. abundance (ρ=0.454), however this correlation was also not statistically 
significant (p=0.22). 
 
The best explanatory abiotic variables of the HO-chl-a  to chl-a ratio were nitrate and silicate 
(ρ=0.613), although the significance level was lower, it was still non-significant (p=0.07). The 
best explanatory abiotic variables were Micromonas-like spp. and cryptophyte abundance 
(ρ=0.372) however these correlations were also not statistically significant (p=0.59).  
 
 
5.4.7. Hydroxychlorophyll a through the water column   
To establish if chl-a allomers increase with depth (see section 5.1.1), as hypothesised by Walker 
and Keely (2004) photosynthetic pigment samples were collected from multiple depths at 
stations 3, 5, 14, 16 and 17. At stations 6 and 17 the ratio of HO-chl-a to chl-a increased with 
depth, however, at stations 3 and 5 the ratio of HO-chl-a to chl-a decreased with depth. When 
all samples were considered, regardless of station, there was no trend in the ratio of HO-chl-a to 
chl-a with depth (Figure 5.8). Hence there was no evidence to support the hypothesis that the 
ratio of HO-chl-a to chl-a increases with depth, when mixing/stratification of the water column 
is not considered. To further resolve this hypothesis, allomer occurrence through the water 
column was assessed at thermally stratified stations.  
 
Figure 5.8. All measurements of hydroxychlorophyll a to chl-a taken during a North Sea cruise 
in May 2011, through the depth profile. 
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5.4.8. Allomer to chlorophyll a ratios at thermally stratified stations 
 
Thermal stratification was present at stations 4, 5, 7, 10 and 14 (Figure 5.9).  Clear differences 
in chlorophyll a concentration above and below the thermocline also occurred at these stations 
(Figure 5.9). At the remaining stations, there was no obvious peak in chlorophyll fluorescence. 
To address the hypothesis that ratios of allomers to chlorophyll are maximal at depths below the 
chlorophyll maximum; only at stations 4, 5, 7, 10 and 14 were considered. 
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Figure 5.9. Continuous chlorophyll fluorescence (RFU) profiles through the water column at 14 
sampling stations in the central and southern North Sea.  
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At station 5 chl-a concentration peaked at approximately 25-27m (Figure 5.9.E), which was 
located within the thermocline. Generally at this station, chlorophyll concentration was higher 
above the thermocline, than below. Samples for particulate photopigments were taken above the 
chl-a maximum (12 m), and just below the chl-a maximum at 30 m. The ratio of HO-chl-a to 
chl-a was 0.037 at 12 m and 0.028 at 30 m depth (Table 5.3). These values are respectively 
within and between the interquartile range of the HO-chl-a to chl-a ratios observed during this 
cruise. As a higher HO-chl-a to chl-a ratio occurred above the chl-a maximum, than below, this 
result provides evidence against the hypothesis that ratios of allomer to chl-a are increased at 
depths below the chlorophyll maximum. This is in contradiction to results by Walker and Keely 
(2004) where the HO-chl-a maximum was observed just below the chl-a maximum. 
 
At station 14 the average chlorophyll a concentration was higher below the thermocline (from 
approximately 30 m), however chl-a concentration was variable, and no clear maximum peak in 
chl-a concentration occurred. The HO-chl-a to chl-a ratio was higher at 29 m (0.079), which 
was just below the thermocline compared to above the thermocline at 9 and 12 m, which had 
HO-chl-a to chl-a ratios of 0.054 and 0.033 respectively. This result is in agreement with 
measurements from the time series study at station L4 (Western English Channel) presented in 
chapter 4. At station L4, when the water column contained a thermocline, the HO-chl-a to chl-a 
ratio was higher at depths below the thermocline. This result also agrees with the hypothesis by 
Walker and Keely (2004), that the HO-chl-a to chl-a ratio is maximal below the chl-a maxima. 
 
Table 5.3. Hydroxychlorophyll a ratios at stations sampled for photopigments at multiple depths. 
Station Sample 
depth (m) 
Sample depth relative 
to chl-a maximum 
HO-chl-a : chl-a 
ratio 
5 12 above 0.037 
5 30 below 0.028 
14 9 above 0.054 
14 12 above 0.033 
14 29 at chl-a max. 0.079 
4 12 at chl-a max. 0.014 
7 6 above 0.0525 
10 4 above 0.031 
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5.4.9. Allomer to chlorophyll ratios in context of recent history of chlorophyll a (satellite 
derived) 
 
To determine if the recent history of chlorophyll a in the water column influences the 
concentration of hydroxychlorophyll a or the precursor chl-aP276 (relative to chl-a), the satellite 
derived chlorophyll a estimates were calculated for each station from the 20
th
 April to the 20
th
 
May 2011 (Figure 5.10). These estimates were derived from ocean colour data on a 1 km 
resolution. 
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Figure 5.10. Satellite derived surface chlorophyll a concentration at 15 stations in the central 
and southern North Sea from 20
th
 April to 20
th
 May 2011. - - - indicates date of water column 
sampling. 
 
 
From the historical satellite derived estimates, it is deduced that at the time of sampling, chl-a 
concentration was decreasing at stations 1, 2, 3, 4, 5, 6 and 16 (Figure 5.10). In particular, the 
historical chl-a data indicates that stations 5, 17, 18 and 18b were sampled immediately after 
phytoplankton blooms. Chlorophyll a concentration was increasing at stations 7, 10, 14, 15 and 
17 (Figure 5.10).   
 
The maximum HO-chl-a to chl-a ratio occurred at station 2, where chlorophyll a was 
decreasing, and a larger range of HO-chl-a to chl-a ratios occurred at stations with decreasing 
chl-a concentration (Figure 5.11.A), however this does not provide evidence to support the 
hypothesis that HO-chl-a to chl-a ratios are highest during periods of decreasing chl-a 
concentration. 
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A larger range in the ratios of the precursor chl-aP276 to chl-a was also measured at stations with 
decreasing chl-a concentration. However, this study does not provide evidence in support of the 
hypothesis that chl-aP276 to chl-a ratios will be highest during periods of increasing chl-a 
concentration.  
 
 
 
 
Figure 5.11. (A) HO-chl-a to chl-a ratio and (B) chl-aP276 to chl-a ratio, during periods of 
decreasing and increasing chl-a concentration. 
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5.4.10. Allomer to chlorophyll ratios in the context of Fv/Fm 
 
As maximum Fv/Fm of mixed communities is known to reduce with increasing cell size 
(Cermeno et al. 2005, Suggett et al. 2009), it is expected that stations with limited 
nanoeukaryotes (stations 1, 2 , 3, 6 and 15, Figure 5.2.C)  may be expected to have higher Fv/Fm 
than stations with abundant nanoeukaryotes (stations 4, 7, 10, 16 and 18). However, this rough 
division of size class is not adequate to resolve the differences in Fv/Fm between stations. 
 
Unfortunately no species identification was carried out during the cruise. Therefore it is 
impossible to accurately estimate the expected maximum possible Fv/Fm for the assemblages 
found at each station. The most reliable estimation can be made for stations 17 and 18 where 
abundant Phaeocystis occurred. The Fv/Fm ratio of stations 17 and 18 can be compared to the 
range of Fv/Fm ratios measured in culture studies of Phaeocystis antarctica; 0.61 to 0.7 under 
experimental growth irradiances (5-250 µmol photons m
-2
 s
-1
) (Kropuenske et al. 2009),   P. 
globosa: 0.6 (Baudoux et al. 2006) and P. pouchetti; 0.4 (Ray et al. 2014). With such variation 
between species it is not useful to compare the Phaeocystis spp. at station 17 and 18 with the 
above culture studies. 
 
Without a thorough investigation of species contribution no conclusions can be drawn against 
the hypothesis that a higher ratio of allomers occurs when Fv/Fm is lower than the maximum 
expected for the phytoplankton assemblage. Without this data only general observations can be 
made: The maximum HO-chl-a to chl-a ratio of 0.129 occurred at station 2 (Figure 5.12), which 
had the median value of Fv/Fm observed (approximately). There is no evidence to support the 
hypothesis that the HO-chl-a to chl-a ratio will be highest at low Fv/Fm. The minimum HO-chl-a 
to chl-a ratio of 0.014 occurred at station 4 (at 12m), where the maximum surface Fv/Fm of 
0.374 occurred (Figure 5.12). This supports the hypothesis that the HO-chl-a to chl-a ratio will 
be lowest at high Fv/Fm. Stations 1, 16 and 18 also support this hypothesis. However stations 5, 
6, 7, 14, 15 and 18 are contrary. 
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Figure 5.12. Surface Fv/Fm and maximum HO-chl-a to chl-a ratio at 12 sampling stations in the 
North Sea. 
 
 
5.5. Chapter V conclusions 
 
The chl-a signal originating from the chl-a allomers and precursor detected during the cruise 
(between 2.7% and 15.3%) was within the range measured over a year at the Western English 
Channel, from 3% in February to 12% in April 2012 (chapter 4.3.5). Although the cruise took 
place during April 2011, the sampling stations covered a wide variety of environmental and 
biological conditions and hence the range of allomer and precursor ratios matched that 
measured over a year in the Western English Channel.  
 
Results from the novel dual staining technique indicated that phytoplankton cells were in an 
active and viable condition. Station 18 was sampled during a Phaeocystis spp. bloom and 
although historical chl-a concentration (determined by satellite observation) indicated that the 
peak abundance of Phaeocystis spp. had passed (Figure 5.10.N&O), the viability stains 
indicated the population was still viable and active. This was reflected in low HO-chl-a to chl-a 
ratios at station 18 (Figure 5.6.A). This unexpected result may be due to water movement, i.e. 
the chl-a concentrations measured at station 18 during April/May by satellite may not have been 
the same body of water. 
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This survey provided no evidence to support the hypothesis that the allomer to chl-a ratio is 
higher below the chlorophyll maxima, i.e. increased in sinking particles. However, only two 
thermally stratified stations were sampled at multiple depths during the cruise, Therefore the 
hypothesis that allomer to chl-a ratio is higher below the chlorophyll maxima, as supported by 
Walker and Keely (2004) and measurements at the Western English Channel (chapter 4.3.5.1), 
where the HO-chl-a to chl-a ratio was increased at depth, is not challenged. 
 
The hypotheses that a high ratio of allomers to chl-a will occur during population decline, and a 
high ratio of chl-aP276 to chl-a will occur during population increase could not be tested by this 
survey. Stations were only sampled once and historical chl-a concentration may be a poor 
representative of population dynamics due to movement of the water body. This hypothesis 
requires a high sampling resolution of the same body of water throughout population growth 
and decline. 
 
As it is difficult to compare levels of Fv/Fm across varied phytoplankton assemblages, the 
hypothesis that a high allomer to chl-a ratio will occur in areas of low Fv/Fm, and a low allomer 
to chl-a ratio will occur in areas of high Fv/Fm remains untested. Finally, to provide conclusive 
evidence for the hypotheses addressed in this chapter, more critical and focused studies are 
required. For example species data is needed to provide expected Fv/Fm ranges, in order to relate 
allomer ratios to maximum photosynthetic efficiency. The ratio Fv/Fm, chl-a concentration and 
allomer to chl-a ratios are all bulk properties of a dynamic and heterogeneous community. 
Hence to test the hypotheses addressed in this study, further details need to be included, e.g. 
phytoplankton community composition and studies of sub-populations. 
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6. CHAPTER VI : Overview and Future Work 
6.1. Overview of Research 
 
This work has focused on the use of chlorophyll allomers as indicators of phytoplankton 
viability in culture populations and natural assemblages. Unlike previous studies of allomer 
occurrence in culture (Bale et al. 2011, Franklin et al. 2012, Bale et al. 2013) and in situ 
(Walker and Keely 2004, Bale 2010), this work included parallel measurements of cell 
physiology and photo-physiology. This was to allow comparison of allomer formation with the 
physiological changes which occur in the cells during population decline. As chlorophyll 
allomers were the main focus of this work, selection and optimisation of an HPLC method, 
specifically for the identification and quantification of allomers, was undertaken. 
 
 
6.2. HPLC method selection and optimisation 
 
Initially, an HPLC method developed by Airs et al. (2001a) was chosen, based on its ability to 
resolve several allomers (Bale 2010), to be optimised for the separation of chl-a allomers. The 
eluent composition of the Airs et al. (2001a) method was modified to further separate the 
allomers (Method 1). However, artefact formation became evident during use of the Airs et al. 
(2001a) method and Method 1. As the artefacts were products of chlorophyll oxidation and the 
allomers of interest were also oxidation products of chlorophyll, steps to minimise artefact 
production were undertaken. To this end, the method of sample preparation was adjusted and 
alternative HPLC methods (Zapata et al. 2000, Saesaengseerung 2013) were assessed for 
artefact formation. The Zapata et al. (2000) method conceded the minimal and most repeatable 
level of allomers during analysis of chl-a standards. Hence, it was used for the analysis of 
chlorophyll allomers in the following work.  
 
This report of artefact formation, resulting from the Airs et al. (2001a) method and Method 1, 
has implications for the measurement of pigments in phytoplankton, detritus and sediment. It 
highlights the importance of method optimisation, assessment of artefact formation and use of 
standards prior to analysis. 
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6.3. O. tauri senescence/viral-infection 
 
There is evidence in the literature to suggest that allomer formation is dependent on mode of 
phytoplankton mortality (Franklin et al. 2012, Bale et al. 2013). A culture of Ostreococcus tauri 
was monitored for allomer formation during population decline due to both viral-lysis and 
environmental limitation. Detailed analysis of chlorophyll allomers was accompanied by 
assessment of cell membrane permeability by SYTOX-staining, reactive oxygen species (ROS) 
by CM-H2DCFDA-staining, and PSII efficiency (Fv/Fm).  
 
 
6.3.1. Novelty of Study 
 
To clarify the originality of this work – The Zapata et al. (2000) method for HPLC separation of 
photo-pigments was utilised for the first time to separate and identify chl-a allomers from 
phytoplankton culture. Previous studies of allomer production in virally infected, nutrient or 
environmentally limited algal cultures have utilised the Airs et al. (2001a) method (Bale et al. 
2011, Franklin et al. 2012, Bale et al. 2013). In addition, intracellular ROS had not been 
measured previously in parallel with allomer occurrence. Further, during this study, ROS, 
membrane permeability and allomer occurrence were measured for the first time in 
Ostreococcus cultures.  
 
 
6.3.2. Novel Results 
 
For the first time in microalgae, two chl-a allomers, methoxychlorophyll a-like (MeO-chl-a-
like) and hydroxychlorophyll a-like (HO-chl-a-like) were detected solely in association with 
viral-infection, but not during environmental limitation, of O. tauri. Hydroxychlorophyll a (HO-
chl-a) and hydroxychlorophyll b (HO-chl-b) were both produced during viral infection and 
environmental limitation of O. tauri. This was the first report of a chl-b allomer increasing with 
viral infection. Both HO-chl-a and HO-chl-b (relative to chl-a and chl-b respectively) increased 
by around 10-fold more during viral infection than during environmental limitation. Allomers 
had previously only been monitored during viral infection of Emiliania huxleyi CCMP 1516 
cultures. An increase in HO-chl-a was associated with EhV86-infection of E. huxleyi but not 
with the decline of the control population (Bale et al. 2013).  
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The percentage of SYTOX-positive cells and CM-H2DCFDA-positive cells both increased 
during viral-infection. Interestingly, they also both had peaks prior of population decline due to 
environmental limitation, and at the later stage of population decline. However, HO-chl-a only 
increased at the later stage of population decline. Previously, the allomers methoxychlorophyll a 
and HO-chl-a were associated with the onset on Thalassiosira pseudonana decline due to 
nitrogen limitation and increase in SYTOX-positive cells (Franklin et al. 2012). This pre-
decline peak in SYTOX-positive and CM-H2DCFDA-positive cells was a novel early warning 
sign of the impending population decline. 
 
The component chl-aP276 was most abundant (relative to chl-a) during growth of the O. tauri 
population. This provides evidence for chl-aP276 as a biosynthetic precursor to chlorophyll a.  
 
 
6.3.3. Further culture work 
 
This culture section of the project was limited to one species only. Hence conclusions cannot be 
extended across phytoplankton taxa. This limits the inference for using chl-aP276 and chlorophyll 
allomers as indicators of phytoplankton population growth and decline.  A study of allomer and 
chl-aP276 production in phytoplankton mono-cultures across classes would improve the prospects 
of this work to be utilised for monitoring natural marine assemblages. As the response of the 
cellular stain CM-H2DCFDA in the O. tauri cultures was limited, the ROS probe DCFH-DA 
could be optimised for use with O. tauri cultures and applied to future studies. In addition, to 
ascertain the sequence of events during cell mortality, other methods might include testing for 
degradation of DNA with deoxyuridine triphosphate nucleotides (f-dUTP) and enzyme activity 
measured by fluorescein diacetate (FDA).   
 
 
6.4. Annual cycle of allomer and precursor occurrence in the Western English Channel 
 
The occurrence of chlorophyll a allomers and the precursor chl-aP276 were monitored over a year 
in the Western English Channel at time series station L4. Fluctuations in allomer abundance 
(relative to chl-a) were related to the seasonal community progression of phytoplankton. Hence, 
the potential sources of the allomers in the water column were resolved. 
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6.4.1. Novelty of study 
 
Previous measurements of HO-chl-a in the marine water column are limited to 2 studies, of 6 
days (Walker and Keely 2004) and 16 days (Bale 2010) long. Hence, this is the first 
measurement of HO-chl-a and chl-aP276 over an annual cycle. The parallel measurements of 
phyto- and microzooplankton abundance, nutrient concentrations, temperature and light levels 
were also unique to this study. 
 
 
6.4.2. Novel Results 
 
HO-chl-a was quantified over the annual cycle and found to be primarily produced during the 
decline of phytoplankton blooms, at concentration in agreement with previous measurements 
(Walker and Keely 2004). Pelagic particulate HO-chl-a was associated with Phaeocystis spp, 
Guinardia delicatula, E. huxleyi, Karenia mikimotoi and Chaetoceros socialis abundance. 
However, alternate peaks in G. delicatula and C. socialis abundance were not associated with 
HO-chl-a. This indicated that the formation of HO-chl-a was not only dependant on taxa, but 
the reason for the population decline. HO-chl-a in the surface sediment was found to be around 
10 times higher (relative to chl-a) than that found in the water column, indicating that most HO-
chl-a was produced during the sedimentation of the phytoplankton cells. This follows on from 
results reported by Bale (2010), of higher HO-chl-a to chl-a ratios present in sinking particles. 
This study also provided evidence for the assignment of the component chl-aP276 as a 
biosynthetic precursor to chl-a as it increased during high chl-a concentration. At the Western 
English Channel between 3% (Feb) and 12% (April) of compounds with chlorophyll a like 
absorption spectra were allomers or precursor. 
 
 
6.4.3. Further in situ work 
 
The results of the time series study, along with O. tauri culture results add to previous evidence 
(Franklin et al. 2012, Bale et al. 2013) that the reason for population decline affects allomer 
formation. For the purpose of resolving this, measurement of virus particles in the water column 
would be useful. Further increasing the sampling resolution during the highly productive 
periods of the year (i.e. the spring bloom) would allow the timing of population declines to be 
related more closely to allomer occurrence. Further, thus far small amounts of HO-chl-a are 
always present in photo-pigment extracts; there are several possible reasons for its consistent 
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presence in extracts. This seemingly stable baseline level of HO-chl-a in the cell (relative to chl-
a) may indicate it has a function within the photosystem. Alternatively, HO-chl-a may be 
produced as a component of chl-a turnover, and may arise from the proportion of the population 
in decline. Hence the investigation into the functionality of hydroxychlorophyll a may be of 
interest. Otherwise, this background level of HO-chl-a  may be a small residual proportion 
produced during pigment extraction or analysis.   
 
The time-series of allomer and chl-a precursor measurements from the Western English 
Channel could be incorporated into a basic productivity algorithm for coastal systems, based on 
ocean colour data. One approach could be to separate  the year into “high productivity” and 
“low productivity” periods and use average percentages of “photosynthetically non-functional 
chl-a signal” to adjust productivity estimates; i.e. ~12%  during the spring bloom and ~3% 
outside the spring bloom.  
 
 
6.5. Allomer detection in the North Sea 
 
Chlorophyll allomers were analysed during a cruise, over a range of environmental conditions 
and phytoplankton community compositions. The occurrence of allomers and the component 
chl-aP276 were related to bulk chlorophyll fluorescence measurement; Fv/Fm, and the recent 
history of chl-a concentration, as derived from satellite ocean colour measurements. The data 
was also used to test the hypothesis that allomers are increased (relative to chl-a) below the 
chlorophyll a maxima. Allomer and chl-aP276 occurrence was also related to additional 
indicators of cell viability - cell membrane permeability and enzyme activity. 
 
 
6.5.1. Novelty of study 
 
Previous in situ studies of chlorophyll allomer occurrence in the water column have not 
included environmental measurements. This study is unique in that environmental and 
biological data were included. Unlike the time series study, this cruise data was also put into 
context of the recent history of chlorophyll a concentration. A novel dual cell staining technique 
was also used; CMFDA and SYTOX-Green were applied in combination, to assess 
phytoplankton assemblage viability. 
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6.5.2. Novel Results 
 
Although data collected from the cruise did not provide evidence that allomers increase below 
the chl-a maxima, concentration of HO-chl-a (relative to chl-a) was higher below the 
thermocline compared to above. This result is in agreement with measurements from the time 
series study in the Western English Channel. The ratio of total chl-a allomers (and chl-aP276) to 
chl-a reached a maximum of 15% at the Flamborough Front. 
 
 
6.5.3. Further in situ work 
 
As up to 15% of the chlorophyll a signal originated from photosynthetically non-functional chl-
a-like products, i.e. allomers and precursor, the confidence interval in chl-a estimates from 
ocean colour data may need to be re-assessed. 
 
During further in situ measurements of allomers it would be beneficial to make parallel 
measurements of phytoplankton community function, i.e. quantification of carbon fixation by 
14
C-labeling (Pinckney et al. 1996, Veldhuis et al. 2001). Combining in situ measurements of 
carbon fixation with quantification of the proportion of chl-a ‘signal’ that is produced by 
allomers or precursor would, at least, adjust ocean colour estimates of chl-a concentration to 
provide more accurate predictions of productivity. Satellite measurements of ocean colour are 
used to make estimates of oceanic chlorophyll biomass from which primary production is 
determined (Antoine and Morel 1996, Sathyendranath and Platt 2007). It is assumed, when 
modelling production in this way; that all the detected chlorophyll a is actively contributing to 
photosynthesis. However chlorophyll a allomers and precursor, which have similar spectral 
properties to chl-a are not contributing to photosynthesis. These primary productivity models 
are dependent on in situ truthing by quantification of carbon fixation by 
14
C-labeling. Hence 
measurements of carbon fixation and allomer occurrence are appropriate. 
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6.6. Conclusions 
 
Results from this study have demonstrated the allomer HO-chl-a to increase during population 
decline and the precursor chl-aP278 to increase during population growth. It also introduces the 
MeO-chl-a-like allomer as a potential indicator of viral infection. The level of production of 
chlorophyll allomers in eukaryotic phytoplankton cells is dependent on species and the reason 
behind the population decline. Hence chlorophyll allomers and precursor are potential markers 
of phytoplankton population state.  
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Chapter VII 
Materials and Methods 
7. CHAPTER VII : Materials and Methods 
7.1. Materials for Biological use 
 
7.1.1. Preparation of glassware 
 
Glassware for biological use was separate from that used for chemical purposes. Glassware was 
scrubbed and rinsed in tap water and soaked in 10% HCl (Fisher Scientific) overnight. Items 
were rinsed in Milli-Q (Synergy 185, Millipore, MA, USA) water 5 times. Bungs for culture 
flasks were soaked overnight in 1% Neutracon decontamination solution (Decon) (in Milli-Q 
water) and then rinsed in Milli-Q water until all noticeable Neutracon residues were removed. 
All glassware and bungs were sealed with foil and autoclaved.  
 
 
7.1.2. Algal and Viral stocks 
 
Ostreococcus tauri OTTH0595 and Ostreococcus tauri Virus 5 (OtV5) were provided by Nigel 
Grimsley (French National Centre for Scientific Research). The strain has been catalogued in 
the Roscoff Culture Collection as RCC 745. For strain details see Derelle et al. (2008). 
 
 
 Preparation of OtV5 stock 7.1.2.1.
On receipt, 5 mL of OtV5 lysate was applied to O. tauri cultures (1 L) in exponential growth 
phase (µ≥0.69 d-1). O. tauri population abundance was monitored daily by flow cytometry 
(section 7.2.2). When the O. tauri population had declined by more than 95%, the culture was 
processed to create fresh viral lysate under sterile conditions. Lysed cell particles were removed 
from the lysate by filtration (0.2 µm, Millipore Express) into sterile flasks (1 L), aided by 
vacuum pump (at ~ 15 kg cm
-3
). The fresh lysate was stored at 5 
o
C in the dark. Aliquots were 
brought to culture temperature prior to use.   
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 Algal maintenance 7.1.2.2.
O. tauri was maintained in an artificial seawater base (ASW) enriched with F/2 (recipes can be 
found in section 7.1.3.1), using sterile technique. Sub-culturing was carried-out weekly, where 1 
mL of culture was transferred into triplicate 250 mL conical flasks containing 50 mL of freshly 
filter-sterilised culture media, to maintain cells in exponential growth phase. Prior to use in 
experiments, O. tauri was closely monitored and kept growing in semi-continuous batch culture 
populations with a specific growth rate (µ d
-1
) between 0.3 and 0.7. During this time, cultures 
consistently reached a final yield of 7.5 x 10
7
 cells ml
-1
 before declining. Assuming cells were 
using nutrients in the Redfield ratio, by calculation phosphate was limiting (F/2 media has 24:1 
N:P) (Guillard and Ryther 1962). 
 
 
 Culture conditions 7.1.2.3.
Cultures of O. tauri during the maintenance and study periods were incubated at 20 
o
C in a 
constant temperature room. Illumination from cool white fluorescent tubes was provided at 100 
- 130 µmol photons m
-2
 s
-1
 between 07:00 h and 23:00 h on a 16 : 8 h light : dark cycle. 
 
 
7.1.3. Preparation of Growth Media 
 
Growth media for the O. tauri cultures used the ASW base from the ESAW formulation 
(Harrison and Berges 2005) enriched with F/2 nutrients (Guillard and Ryther 1962). Recipes 
and preparation instructions were accessed from Andersen (2005). The anhydrous and hydrated 
salt solutions (Tables 7.1 & 7.2) were prepared separately in Milli-Q water, in 5 L volumes (in 
10 L carboys) and autoclaved at 121 
o
C for 90 min. The vitamin (Table 7.3) and Iron-EDTA 
(Table 7.4) stock solutions were filter sterilised through pre-autoclaved cellulose nitrate filters 
(47 mm diameter, 0.2 µm pore size, Whatman, Chiltern, UK) and the Trace Metal stock solution 
(Table 7.5) was autoclaved at 120.8 
o
C for 20 min. These components were stored at -20 
o
C in 
10 mL aliquots. The F/2 nutrients were prepared in 50 mL batches, autoclaved at 120.8 
o
C for 
20 min and stored at 5 
o
C.  
 
The stored components were brought to room temperature prior to preparation of the growth 
media. All components were added together (quantities can be found in Table 7.7) and the final 
volume was brought to 1 L with dH2O. Each litre of media was filter sterilised through pre-
autoclaved cellulose nitrate filters (as above) prior to use. 
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 ASW and media recipes 7.1.3.1.
The components of each solution were dissolved in5 L of Milli-Q water. 
 
Table 7.1. Components of ESAW Salt solution I: Anhydrous salts. Quantity to produce 5 L of 
stock. 
Component Quantity used for 5 
L stock (g) 
Salt Supplier 
NaCl 176.62 Sigma 
Na2SO4 29.58 Sigma 
KCl 4.9917 Sigma 
NaHCO3 1.45 Sigma 
KBr 0.7192 Fluka 
H3BO3 0.1917 Sigma 
NaF 0.2333 Sigma 
 
Table 7.2. Components of ESAW Salt solution II: Hydrated salts. Quantity to produce 5 L of 
stock. 
Component Quantity used for 5 
L working stock (g) 
Salt Supplier 
MgCl2 · 6H2O 79.93 Fisher Scientific 
CaCl2 · 2H2O 11.2 Sigma 
SrCl2 · 6H2O 0.1816 Fisher Scientific 
 
Table 7.3. Components to produce Vitamins for ESAW media 
Component Primary stock 
g L
-1
 dH2O 
Quantity used for 1 L  
working stock 
Salt Supplier 
Thiamine · HCl (vitamin B1)  0.1 g Sigma 
Biotin (vitamin H) 1.0 1 mL Sigma 
Cyanocobalamin (vitamin B12) 2.0 1 mL Sigma 
 
Table 7.4. Components to produce Iron-EDTA stock solution for ESAW media. 
Component Quantity used for 1 L 
working stock (g) 
Salt Supplier 
Na2EDTA · 2H2O 2.44 Sigma 
FeCl3 · 6H2O 1.77 Sigma 
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Table 7.5. Components to produce Trace Metals Solution II for ESAW media. 
Component Primary stock 
g L
-1
 dH2O 
Quantity used for 1 L 
working stock 
Salt Supplier 
Na2EDTA · 2H2O  3.09 g Sigma 
ZnSO4 · 7H2O  0.073 g Sigma 
CoSO4 · 7H2O  0.016 g Sigma 
MnSO4 · 4H2O  0.54 g Fisher Scientific 
Na2MoO4 · 2H2O 1.48 1 mL Sigma 
Na2SeO3 0.173 1 mL Sigma 
NiCl2 · 6H2O 1.49 1 mL Sigma 
 
Table 7.6. Additions for F/2 enriched media 
Component Quantity used for 50 
mL working stock (g) 
Salt Supplier 
NaNO3 3.75 Sigma 
NaH2PO4 · H2O 0.25 Fluka 
Na2 SiO3 · 9H2O 1.5 Sigma 
 
Table 7.7. Growth Media components 
Stock solution Quantity stock used 
for 1 L media (mL) 
Anhydrous salts  600 
Hydrated Salts  300 
Trace Metals 1 
Iron-EDTA 1 
Vitamins 1 
NaNO3 1 
NaH2PO4 · H2O 1 
Na2 SiO3 · 9H2O 1 
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7.2. Biological measurements for culture study (Chapter III) 
 
7.2.1. Maximum quantum efficiency of Photosystem II photochemistry (Fv/Fm) 
 
Variable fluorescence (Fv) of the O. tauri cultures was measured using a fluorescence induction 
and relaxation Fluorometer (FIRe) (Satlantic, Halifax, Canada) as in Kimmance et al. (2014), by 
measurement of the minimum (Fo) and maximum (Fm) fluorescence.  Culture samples (2 mL) 
were incubated at growth temperature in the dark for 15 minutes. Filtered, non-enriched ASW 
media (0.2 μm) was used as the blank. Excitation was provided by a high luminosity blue (450 
nm) and green (530 nm) LED array (each with 30 nm bandwidth), computer controlled to 
generate pulses. Chl-a fluorescence was isolated by red interference filters (678 nm with 20 nm 
bandwidth) and detected by a sensitive avalanche photodiode module. The gain of the detector 
unit was adjusted depending on chlorophyll content of the sample. An estimation of the 
maximum quantum efficiency of photosystem II (PSII) photochemistry was calculated by Fv/Fm, 
where Fv (variable fluorescence) = Fm – Fo (Genty et al. 1989). 
 
Settings: 
LED colour   blue 
Gain    0-2400 
Sample delay   1000 
Number samples  20 
STF    80 
STRP    40 
STRI    60 
MTF    20 
MTRP    40 
MTRI    100 
 
 
7.2.2. Population density of cultures by flow cytometry 
 
Phytoplankton cells were enumerated using flow cytometry (Accuri C6), Milli-Q was used as 
sheath fluid and analysis was triggered on forward scatter and red (chlorophyll) fluorescence. A 
core size of 22 µm was used and the event rate was kept below 5000 events s
-1
 to avoid 
coincidence (Tarran pers. Comm.); when necessary samples were diluted with filtered ASW 
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(0.2 µm). Flow rate was set to 66 µl min
-1
 and measured daily by uptake of Milli-Q over 5 min 
(by mass). Cells were identified on red fluorescence vs. side scatter plots (Figure 7.1.A).  
 
 
Figure 7.1. Example cytograms of Ostreococcus tauri culture after 5 days of growth (A) and (B). 
Cellular stains SYTOX-Green for  membrane permeability (C and D) and H2DCFDA (E and F) 
were applied to untreated cultures (left side) and positive controls (right side). Region R2 
contains non-stained cells, region R3 contains stained cells.  
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7.2.3. Membrane permeability probe (SYTOX-Green) 
 
The commercial stock of SYTOX-Green (Invitrogen S7020, 5 mM) was diluted in Mill-Q water 
to yield 50 µM working stock solutions. The working stock was stored at -20 
o
C in aliquots of 1 
mL until use. The working stock aliquots were not re-frozen after their first use. One mL 
samples of culture were diluted to an appropriate population density for flow cytometry (Accuri 
C6) with ASW. SYTOX-Green was applied to the diluted aliquots at a final concentration of 0.5 
μM. Cells were incubated with the stain, in the dark, at growth temperature for 15 min. 
Incubation and staining conditions were optimised prior to the study using positive controls 
consisting of heat-killed cells (80 
o
C, 5 min) (Peperzak and Brussaard 2011). The sample was 
then processed by flow cytometry (Accuri C6) and the O. tauri population was identified as 
described in section 7.2.2. Uptake of the probe was assessed on a green (stain) vs. red 
fluorescence plot. Cytograms were compared to stained positive controls. Example cytograms 
of SYTOX-stained culture samples and the SYTOX-stained, heat-killed controls are displayed 
in Figure 7.1.C&D.  
 
 
7.2.4. Reactive Oxygen Species probe (CM-H2DCFDA) 
 
The commercial stock of 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate 
(CM-H2DCFDA, Invitrogen, C-6827) was supplied in 50 µg aliquots and was stored at -20 
o
C 
until required. Before use, aliquots were diluted in ethanol (100%, 86.54 µL) to the working 
stock concentration of 1 mM.  
 
The culture samples were diluted to an appropriate population density for flow cytometry 
(Accuri C6) with ASW. The CM-H2DCFDA (1 mM) was applied to the diluted culture (1 mL) 
to give a final concentration of 5 μM. Samples were then incubated in the dark at growth 
temperature for 30 min. Incubation conditions were optimised prior to the study using positive 
controls; hydrogen peroxide (Sigma) inoculated cells (10 µM final concentration). Uptake of the 
stain was compared with unstained and stained controls by flow cytometry (Accuri C6). 
Analysis of stain uptake was the same as for SYTOX-Green (section 7.2.3). Example cytograms 
of CM-H2DCFDA-stained culture samples and the CM-H2DCFDA-stained, hydrogen peroxide 
treated controls are displayed in Figure 7.1.E&F.  
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7.2.5. Viral enumeration 
 
OtV5 particles were enumerated using a FACScan (Becton Dickinson) flow cytometer. One mL 
culture samples were fixed (0.5%  TEM-grade glutaraldehyde final concentration), flash frozen 
and stored at -80 
o
C until analysis. Defrosted samples were diluted in TE buffer (10 mM Tris 
HCL, 1 mM EDTA, pH=8) and stained with SYBR Green I (Invitrogen, S7585) at a final 
concentration of 5 x 10
-5
 commercial stock (Brussaard et al. 2000) and incubated for 10 min in 
the dark, at 80 
o
C. Analyses were run on a FACScan flow cytometer with Milli-Q water as the 
sheath fluid, triggered on green fluorescence and set to “low” flow (~20 μL min-1) for 1 min. 
Samples were diluted with 0.2 μm filtered (cellulose nitrate filters, as in section 7.1.4) ASW to 
give event rates between 100 and 500 particles s
-1
. Viral particles were identified using a green 
fluorescence vs. side scatter plot. 
 
 
7.3. Sampling procedure for Station L4 (Chapter IV) 
 
7.3.1. Sample collection, PAR and temperature 
 
Surface photosynthetically active radiation (PAR) was calculated from continuous 
measurements by a hyperspectral irradiance sensor (Satlantic, Halifax, Canada) from an 
Autonomous Buoy moored at station L4 (50° 15.00' N, 4° 13.02' W). Water samples were 
collected from 2, 10, 25 and 50 m depth using 10 L Niskin bottles mounted on a rosette and 
temperature was measured simultaneously by Seabird 19+ CTD casts (Sea-Bird Electronics, 
Washington, USA), collected on a weekly basis using the Plymouth Marine Laboratory Vessel, 
RV Quest. 
 
 
7.3.2. Nutrients 
 
Measurement of the major nutrients including nitrate, phosphate and silicate were taken weekly 
from fresh samples throughout the depth profile (2, 10, 25 and 50 m); water samples were 
stored in cool boxes prior to analysis. Samples were collected using a 60 mL syringe,  and 
filtered through an Acrodisc Supor PF membrane filter (with pore size 0.8/0.2 µm) (Pall 
Corporation, NY, USA)  into 50 mL acid-washed high density poly-ethylene (HDPE) bottles. 
Sample collection and analysis were carried out by Carolyn Harris at the Plymouth Marine 
Laboratory. Nutrient concentrations were determined using the procedures described in 
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Woodward and Rees (2001) as follows; phosphate (Zhang and Chi 2002), silicate (Kirkwood 
1989), nitrate and nitrite ions (Brewer and Riley 1965) and nitrite analysis  (Grasshoff 1976). 
 
 
7.3.3. Phytoplankton enumeration and identification 
 
 Enumeration by flow cytometry 7.3.3.1.
Triplicate samples from 2, 10, 25 and 50 m depth were collected into 0.25 L polycarbonate 
bottles (rinsed first with seawater) and were stored in a cool box until analysis in the laboratory. 
The time between collection and analysis is between 3.5 and 5.5 h. The phytoplankton 
assemblage was analysed on an Accuri C6 flow cytometer (BD Biosciences, CA, USA) with 
Milli-Q (Millipore) sheath fluid, triggered on forward scatter and red fluorescence. A 500 μL 
sample volume was processed at 100 μL min−1. Cells were separated into 7 groups according to 
red and orange fluorescence and side scatter; Synechococcus, picoeukaryotes, coccolithophores, 
cryptophytes, Phaeocystis single cells, small dinoflagellates (< 20 µm) and other 
nanoeukaryotes. The flow cytometry data for the Phaeocystis single cells and small 
dinoflagellates are speculative, and relied on verification of the significant presence of 
Phaeocystis or small dinoflagellates by microscopy at the same time as the appearance of 
clusters of events in flow cytometric density plots of forward light scatter versus red 
fluorescence, used to discriminate other nanophytoplankton groups. Analysis of L4 samples was 
performed by Glen Tarran at the Plymouth Marine Laboratory. 
 
 
 Identification by microscopy 7.3.3.2.
Water samples (100 mL) from 10 m depth were fixed upon collection with 2% (final 
concentration) Lugol’s iodine (Widdicombe et al. 2010). Phytoplankton were identified by 
microscopy (DMI4000B, Leica, Wetzler, Germany) to species level where possible, following 
the protocol of Widdicombe et al. (2010) and enumerated using the Utermöhl (1958) technique.  
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7.4. Sampling procedure for North Sea Cruise (Chapter V) 
 
7.4.1. Sample collection 
 
Water samples were collected throughout the depth-profile in 10 L niskin bottles mounted on an 
on-board CTD rosette sampler. Water was also collected continuously from 6 m depth (via an 
underway system) and entered a Pocket Ferry Box at max. 1 bar pressure. 
 
 
7.4.2.  Fv/Fm  
 
Estimation of Fv/Fm were made semi-continuously by Phytoflash (Turner Designs, CA, USA) 
measurements within the Pocket Ferry Box.  
 
 
7.4.3. Nutrients 
 
Water was analysed for nitrite, nitrate, phosphate and silicate by Rodney Forster at Cefas (UK), 
following the protocol of Greenwood et al. (2011). 
 
 
7.4.4. Phytoplankton abundance and community composition 
 
Water samples from the depth profile were analyzed for phytoplankton abundance and 
identification using a Cytosense scanning flow cytometer (SCF, Cytobuoy, Woerden, the 
Netherlands), equipped with the Image in Flow system and 2 sets of photomultiplier tubes to 
resolve optical signals from small (<10 µm) to large particles (<800 µm) as in Thyssen et al. 
(2014). Two instrument settings (both triggered on red fluorescence) were used to discriminate 
cells within the populations of picoplankton and cyanobacteria (threshold level of red 
fluorescence: 10 mV; acquisition time: 180 s; sample flow rate: 4.5 mL s
-1
) and within the nano- 
and microphytoplankton populations (trigger level: Red Fluorescence 25 mV, acquisition time:  
400 s; sample flow rate: 9 mL s
-1
). Analysis was carried out by Melilotus Thyssen (Laboratoire 
d’Océanographie et de Géoscience, Wimereux, France) (Thyssen et al. 2014). 
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7.4.5. Cellular staining 
 
The probe for enzyme activity, 5-chloromethylfluorescein diacetate (CMFDA, Invitrogen) was 
diluted in acetone to working stock concentration prior to use. The stain was added to water 
samples at a final concentration of 5 µM and incubated in low light/cool conditions for 60 
minutes. A separate sample was incubated with SYTOX-Green (Invitrogen cat no. S7020) at a 
final concentration of 0.5 µM in a 15 minute dark/cool incubation. Analysis was carried out by 
Daniel Franklin (Bournemouth University, UK). Stain up-take was analysed on an Accuri C6 
flow cytometer with Milli-Q sheath fluid, triggered on forward scatter and red fluorescence with 
a core size of 15 µm. A 500 μL sample volume was processed at 100 μL min−1.  
 
 
7.4.6. Satellite data 
 
Ocean colour, detected by the polar-orbiting sensor Aqua-MODIS at a 1 km resolution, was 
processed by NEODAAS (www.neodaas.ac.uk) to estimate chlorophyll a concentration. For 
each sampling station of the cruise, the ocean colour data was extracted from the relevant square 
kilometre, from individual passes of the MODIS sensor, between the 18
th
 of April and the 18
th
 
of May, 2011. Data processing was specific for coastal waters and involved calibration and UK-
specific atmospheric correction and used algorithms for chl-a estimation (Shutler et al. 2007) 
and the inherent optical properties of the water (Smyth et al. 2006).   
 
 
7.5. Materials for Analytical use 
 
7.5.1. Solvents for HPLC/MS 
 
All solvents used were either HPLC grade (Fisher Scientific) or LC/MS grade 
(CHROMASOLV, Sigma Aldrich Company Ltd, Dorset, UK). The water used was processed 
by an ELGA (ELGA Labwater, International) system. 
 
7.5.2. Preparation of HPLC/MS eluents 
 
Glassware for HPLC use were separate from those for biological use. Glassware was rinsed in 
ELGA water 3 times and then rinsed in the solvent to be used.  
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7.5.3. Preparation of chlorophyll a standard 
 
Chlorophyll a standards (Sigma, C6144-1MG) were used for assessing alterations to the HPLC 
method, for quantification and for checking system stability. A stock solution was made by 
diluting 1 mg chlorophyll a into acetone (100%), with a final volume of 100 mL, this was stored 
at -20 
o
C and replaced after 3 months. A Working Standard solution was made by diluting 3 mL 
stock solution into acetone (90 %) with a final volume of 100 mL, this was stored at -20 
o
C and 
replaced after 1 month. The working standard and stock solution were routinely quantified by 
spectrophotometry (Lambda 800, PerkinElmer Inc., Waltham, MA, USA) using the absorbance 
(abs) at 663 nm and 750 nm follows;  
Chl-a conc (gL
-1
) = (abs 663-abs 750
b
)/extinction coefficient
a
. 
 
a
 Extinction coefficient for chl-a in 90% acetone = 88.67 L g
-1
 cm
-1
 (Jeffrey et al. 1997) 
b
 If absorbance at 750 nm is non-negligible (e.g. >0.002), absorbance reading at 700 nm may be 
used. 
 
7.6. Analytical Procedures 
 
7.6.1. Sampling procedure for pigments 
 
 From phytoplankton culture 7.6.1.1.
Culture samples (7 – 50 mL) were centrifuged using a Beckman Coulter Avanti J-26xP ( CA, 
USA) equipped with a JS 5.3 rotor, at 5300 x g for 20 min in a cooled environment  (8 
o
C), the 
pellet was flash frozen in liquid N2 and stored at -80 
o
C until analysis. Exhaustive extraction of 
pigments used acetone (90% in ELGA water) under dim light by sonication (Sonics Vibracell 
probe, CT, USA) for 40 s at 40 W. The extract was clarified by centrifugation at 17000 x g 
(Heraus Pico17, Thermo Scientific).  
 
 
 From marine water samples 7.6.1.2.
Between 0.5 and 1 L water samples were filtered through 25 mm GF/F filters immediately after 
sampling. The filters were snap frozen in liquid nitrogen and stored in liquid nitrogen (L4 
samples, chapter 4) or at -80 
o
C (Cruise samples, chapter 5) at Plymouth Marine Laboratory 
until analysis. Samples were extracted under dim light conditions on ice, in 2 mL 90% acetone 
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by sonication (for 35 s at 40 W), followed by a soaking period (total extraction time = 1h). 
Extracts were clarified by centrifugation at 4000 rpm for 5 min (Centaur 2, MES, UK), and by 
filtration (0.2 µm, 17mm Teflon syringe filters, DHI, Denmark). Analysis of samples from 
station L4 was carried out by Ruth Airs, Denise Cummings and Gunjan Motwani at the 
Plymouth Marine Laboratory. 
 
 
 From marine surface sediment samples 7.6.1.3.
Sediment samples were collected from site L4. A multicorer was used to collect eight replicate 
cores. Surface sediment samples (~1 mL) were taken using the barrel of a 2.5 mL syringe and 
immediately frozen at -20° C in the dark. Samples of semi-thawed surface sediment (2-3 g) 
were sliced off and thawed completely before being centrifuged to remove excess water. 
Sediment was transferred to a pre-weighed extraction tube and 3 mL of acetone (90%) was 
added. Extracts were kept on ice in the dark during extraction. Samples were sonicated for 35 s 
at 40 W before centrifugation (Centaur 2) at 4000 rpm for 5 min at 4 
o
C, and the supernatant 
decanted. The procedure was repeated until no additional pigment was extracted. Sampling and 
processing was carried out by Ruth Airs at the Plymouth Marine Laboratory. 
 
 
7.6.2. Concentration by SPE primed in methanol 
 
Where necessary, pigment extracts from the cruise samples (chapter 5) were concentrated by 
SPE using C18 cartridges  (Strata C18-E, 200 mg, 3 mL, Phenomenex, CA, USA), primed with 
methanol (2 mL), water (2 mL) and acetone (50 %, 2 mL) as in Bale (2010). Extracts were 
mixed 1:1 with MilliQ water (Synergy 185, Millipore, MA, USA) and loaded onto the cartridge. 
Acetone (100%) was used to elute the pigments. The first 300 µL of acetone loaded acted to 
bring the chlorophyll towards the cartridge nozzle, the resulting eluent was not collected. A 
further 400 µL acetone (100%) was loaded, to elute the pigment extract, this fraction was 
collected and the volume measured.  
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7.6.3. Pigment analysis 
 
Extracts were analysed on an Accela HPLC instrument (ThermoScientific, UK), comprising an 
Accela quarternary pump, thermostated autosampler, thermostated column compartment and 
photodiode array detector using a method based on Zapata et al. (2000). A 200 µL aliquot of 
extract was mixed with 80 µL water in the autosampler (Table 2.2), and 25 µL of this mix was 
injected onto the column. A Waters C8 Symmetry column (150 x 2.1 mm; 3.5 µm particle size) 
was used at a flow rate of 200 µL min
-1
. Elution used a mobile phase gradient composed of 
methanol, acetonitrile, aqueous pyridine (0.25 M) and acetone as described in Zapata et al. 
(2000). Samples were analysed within 24 hours of extraction during which time they were 
maintained at 4 
o
C in the dark in the autosampler. The following quality assurance protocols are 
adhered to for pigment analysis: A mixed pigment standard (DHI, Denmark) was analysed daily 
before sample extraction to check resolution of pigment critical pairs and consistency of 
retention times (Hooker and Van Heukelem 2011); During analyses, triplicate injections of chl-
a standard were performed to check response factor. Accuracy of the repipette was checked 
daily by weighing aliquots of extraction solution expelled by the repipette.  Multipoint 
calibration of 19 pigments is performed annually by injection of pigments standards obtained 
from DHI. For calibration curves, the standards were used to prepare a dilution series, 
comprising three solutions bracketing the limit of quantification (LOQ), and three bracketing 
the expected sample concentration. 
 
Additional U/HPLC (Ultra-high Performance Liquid Chromatography) methods used during 
method selection and optimisation are described in Chapter 2. 
 
 
7.6.4. Pigment HPLC calibration 
 
The Zapata et al (2000) method was calibrated on the Symmetry C8 column and Accela HPLC 
instrument by Ruth Airs during July 2012. The limit of detection for chlorophyll a is 0.07 ng 
injected onto the column. The response calibration was determined within the range 0.62 to 14 
ng of injected chlorophyll (quantified by spectrophotometer); y = 86134x + 4724.9 where 
y=peak area and x=ng injected, R
2
=0.9996 (linear regression). The linearity of response extends 
past 80 ng of injected chlorophyll. However the proportion of allomers is increased in injections 
of more than 13.65 ng chlorophyll a. For between 3 ng and 13.9 ng of chlorophyll a injected; y 
= 0.00348x - 0.00739 where y = ratio of allomers to chlorophyll a and x = ng injected, R
2 
= 
0.959 (linear regression).   
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7.6.5. HPLC/MS of selected samples 
 
Selected samples were analysed by LC/MS
n
 (replicate samples freshly extracted for LC/MS 
analysis) for assignment of components. LC/MS
n
 was performed using an Agilent 1200 HPLC 
comprising a G1313A binary pump, a G1377B thermostated autosampler, a G1317A 
thermostated column compartment and a G1316B photodiode array detector coupled to an 
Agilent 6330 ion trap mass spectrometer via an atmospheric pressure chemical ionisation 
(APCI) source. HPLC conditions were as for Zapata et al. (2000) described above in section 
7.6.3. Post column addition of formic acid (5 μL min-1) was used to aid ionisation of metallated 
components (Airs and Keely 2000). MS settings were as follows: Ionisation mode: positive, 
drying temperature 350 
o
C, vaporiser temperature 450
o
C, nebulliser pressure 60 PSI, drying gas 
flow rate 5 L min
-1
, capillary voltage -4500 V. The scan range was m/z 400-1100. MS
n
 utilised 
an ion trap to select ions of interest for fragmentation to aid component assignment. MS
n
 
settings were used as follows: Synchronous Precursor Selection (SPS) on, number of precursor 
ions 2, and isolation width 3 m/z. Components were assigned based on relative retention time, 
on-line UV/vis spectra, protonated molecule and fragmentation data (Airs et al. 2001a). 
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